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A bstract

This thesis investigates object interaction issues involved in develophig an o1'ject-oricnted

p~rallel discrete-event sinittlation and dlevelops a simulation miodel that provides object. interac-

tion capab~ilities. Tile. research covers issues in object. representation. obj.'rt interactio~n. object.

management, discrete-event siniulation. and parallel simulation.

There are three primiary types of objects that, the research discusses. The fir.st type is a 1)115w

simulation object., whose ,;i?,C and behavior is insignificiant compared to the size of the suimulation as

a whole. The second type is ant aggregate object which consists of smialler comlponient object~s that

interact and affect thle performance of the larger object aS a whole. Finially, tli-re are environmental

objects, such &s terrain a'id weather, whose size and imlpact are significant to the nitire sitiuiation

environvient.. This research addresses issues about whether these objects can be represented the

samne iii the sinmulation or whether a special case ummust exist for each type. of object.

As a result of the research, a simulation miodel is designed that allows interaction between

ssimulation objects. The design goals used to develop the mlodel were strict use of object- oriented

practices, ease of simulation modification, and reuse across other applications iii tile samec class of

simulatioiis. In this case, thle class of simiulations is interacting objects in a spatially partitioned

(liscrete-event simiulation.

The model is then implemented 113ing A FIT's Battlesimi program, which is a parallel discr-'"--

event simulation that has a battlefield divided into partitions aud allows objects to move and

interact.
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Object Interaction in a

Parallel Object-Oriented Discrete-Event Simulation

I. Background and Statement of the Problem

1. 1 Introduction

This thesis investigates the application of object-oriented programming to parallel computer

simulation. It specifically addresses the interaction between simulation objects in a parallel disciete-

event simulation environment.

The purpose of this chapter is to provide a background in the research area, define the

problem, and explain how the problem was approached. This chapter begins with a background of

the research topic and explains the problem that the research addresses. Then it gives a summary

of current knowledge of the problem and defines the scope of the study. Following this explanation

of the problem, the chapter addresses the standards that were used and the approach that was

followed.

1.2 Background

1.2.1 Object-Oriented Simulation. The current trend in simulation is to use object-

oriented techniques for modeling real-world objects and processes. These techniques are new to

parallel simulation, particularly in the areas of object management and object interaction. Object

management is the process of keeping track of the simulation objects and controlling their creation,

access, and destruction. Object interaction is the process of the objects communicating with each

other and reacting to the communication. This interaction can either be direct or through the

management of the simulation support system.
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The technique of modeling a problem as a set objects and their relationship to each other

makes the object-oriented paradigm a good candidate for use in simulation because each object in

a simulation is a direct representation of a real-world object. One advantage of using the object-

oriented paradigm is that it usually results in the development of well-structured software. The

good program structure is a direct result of the use of object data encapsulation, which requires all

the information and program data for each object to be contained in one place. Well-structured

programs are much easier to maintain than programs that are poorly structured. Another advantage

of object-oriented programming in simulation is that it promotes reusability of software. Objects

that are defined for specific simulations may be reused in other simulations that require the same

type of objects (3:195).

Like any other programming method, object-oriented programming requires the steps of anal-

ysis, design, and implementation. Object-oriented analysis is a well-defined process used to analyze

and define a system to be modeled. However. the decisions made during object-oriented design and

implementation will most significantly determite the performance of the final application. Simple

object interaction is easily defined during the analysis stage. For example, Figure 1 shows the

simple object representati.,, and interaction between an airplane and a pilot. Complex simulation

object interaction also can be shown in the same type of diagram, but it is not as easily designed

and implemented in software.

The first type of interaction of objects addressed in this thesis is the interaction that takes

place conditionally between two or more simulation objects. An example of this multiple object

interaction is the collision between two separate vehicle objects.

The second type of interaction addressed is the interaction of moving objects with environ-

mental objects such as terrain or weather. An example of this type of interaction is an aircraft

colliding with terrain or terrain-following by a ground-based moving object.

2



Name Airplane Pilot

Attributes Type Name

controlled-by

Methods Take-Off FlyPlarej

L L.And

Figure 1. Object-oriented representation of an airplane and a pilot

The third type of interaction addressed is the interaction between parts of aggregate, or

complex, objects. A complex object is an aggregation of smaller objects that interact to affect the

behlavior of the aggregate object ad a whole. An example of a complex object in a battle simulatioti

would be an aircraft that consists of a fuel subsystem, an engine subsystem, and other components

the simulation modeler considers important enough to model. An example of the interaction at

this level would be the fuel subsystem telling the engine subsystem that there is no more fuel.

Designing an object interaction model for use on a parallel computer introduces complica-

tions into the model that do not exist in sequential simulation. The designer must consider how

the objects are to be distributed among the processors on the parallel computer. All aspects of

object interaction must be considered to best balance the processing load of each parallel processor

while trying to achieve a minimum level of communication between the processors. Minimization

of communication between the processors is important because the speed of the communication

channels between the processors is usually significantly slower that the computation speed of the

processors themselves.

3



1.2.2 Battlesim. The Air Force Institute of Technology 1,AFIT) parallei battle simulation,

Battlesim, divides a simulation battlefield evenly among parallel processors so that each processor

is simulating one small part of the battleground. Figure 2 shows an example partitioning of a

simulation into eight sections. Each object in the simulation is assigned to the processor that is

simulating the part of the battlefield that corresponds to the object's current location. The main

problem with this technique as it applies to this research is that there is no well-defined method of

representing environment objects such as terrain or weather that have an effect on all the simulation

partitions. Three possible approaches to implementing environment objects in a parallel simulation

are to duplicate the entire environment object on each parallel processor, divide the environment

object into smaller parts and put the appropriate part on each processor, or to represen. it as single

object on a single processor and require communications between the processors to determine if

interaction exists. These three models are investigated in the course of this thesis.

0
0 00 0 0

-0-

00 0
0 0 O00

00
Figure 2. Example spatial partitioning of a simulation.
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1.8 Problem

The current AFIT parallel battle simulation program, Battlesim, allows only simple interac-

tion between simple obijects such as the interaction between two aircraft. Currently, there is only

one type of simulation object that is affected by a given set of object interactions. More complex

interaction between objects is required in the program, as well as the ability to introduce other

types of objects to the simulation. The types of interaction that are required include interaction

between simple simulation objects, interaction between simple objects and environment objects.

and interaction between the component parts of complex objects.

The purpose of this research is to address these three problems of object interaction and

how their solutions can be applied to the Battlesim program. The first problem involves modelling

the interaction between regular simulation objects. The second involves the problem of parallel

simulation of environment objects and their interaction with the other objects in the simulation.

Of specific concern is the interaction of vehicle objects with terrain, to include collision detection

and terrain following. The third problem is that of parallel simulation of complex objects. The

specific example examined is that of an aircraft, which consists of an aggregation of subsystems

that interact and have an effect on the performance of the overall aircraft.

The goal of this thesis is to develop a model for use by the Joint Modelling and Simulation

System (J-MASS) Program. The current simulation capabilities of J-MASS allow the simulation

of radar transmissions, but plans exist to extend the capabilities of the simulation to allow the

modeling of other applications.

1.4 Summary of Current Knowledge

The research efforts that participated in the evolution of the Battlesim program began in 1990

when R;zza developed a battle simulation program to simulate the battlefield environment (23). His

research consisted of modeling objects whose interaction consisted of the detection and reaction to

5



collisions with other moving objects. The algorithm that he used involved computing the occurrence

of a collision of an object in the simulation world by accessing a master object list and sequentially

checking the position and velocity of every other object in the simulatio. . This work did not include

parallel simulation of the battlefield.

In 1991 Moser developed a parallel simulation involving the collision of pool balls based on

the -Colliding Pucks' problem researched at Cal Tech (18). In order to break the problem down

for parallel processing, he partitioned the simulation environment into strips of equal size. Instead

of implementing a single master list of objects, he defined each sector to have its own object list

that consisted of the pool ball objects and the section of the pool table that were located within

that partition. To determine if there was a collision, the ball objects needed to be compared only

against the other balls in the same sector and the edges of the pool table in that sector. This

partitioning of the battlefield greatly reduced the search space of the problem of determining if a

collision occurred because fewer comparisons needed to be made. Because the environment was

partitioned, each ball object also needed to check its location in relation to the partition edges so

that it could be passed to the next sector if it crossed a sector boundary.

Bergman's work in 1992 combined Rizza's battle simulation program with the partitioning

technique used by Moser (2). This research led to a partitioning of the battlefield simulation

program and converted it to a parallel, discrete-event simulation. The new battlefield simulator

allowed each object to interact with other objects within its partition and to cross into a new

partition if a boundary is reached. Additionally, a sensor capability was implemented to allow the

detection of other objects from a distance, including objects that reside in adjacent sectors if they

are within the sensor range.

This research effort continues the work of Bergman and makes the Battlesim simulation more

robust by allowing the use of more complex objects and more complex object interaction.

6



1.5 Scope

The specific objective of this research is to develop and test a method that can be used to

model complex interaction between battlefield objects. A general model that allows the modeling

of all types of objects is analyzed, designed, and tested. The different types of allowable simulation

objects are categorized and included in the model. Categorization is necessary due to the difference

in the modeling of simple, complex, and environment objects.

The simulation n'odel is designed to handle all types of battlefield objects. However. the final

implementation consists of only the demonstration of the interaction of regular simulation objects

by suppoiting multiple types of simulation objects and their object interactions. Environment

objects that can be supported by the model but are not implemented are terrain, weather, and

radio communications between the battlefield objects. Actual implementation of these objects is

complex and beyond the scope of this thesis.

1.6 Standards

The object model designed adheres to the standards consistent with the principles of object-

oriented simulation. The model ensures that objects used in the simulation are independeat of

other simulation objects and can be designed and implemented independently of the other objects

iin the simulation. Each object is designed using a 'black box' approach to the outside simulation

world. Each object knows what data it needs for input and what data it outputs. The object

interacts with the simulation support system for its input and output and is not aware of other

objects in the simulation system.

Even though a true object-oriented language is not used, the implementation follows object-

oriented programming principles of data encapsulation so that each object's information is contained

in one location.

7



1.7 Approach

The first step in solving this problem was to investigate the current use of object-oriented

programming and its u.e in simulation. This process consisted of a literature search and evaluation

of previous AFIT thesis efforts. Among the topics researched were existing object models and their

applicability to the battlefield simulation problem. One particular model evaluated was the current

Software Structural Model (SSM) used by J-MASS.

Following the analysis stage, a design model was developed to model the representation of

simulation objects and their interaction. This was be done by evaluating the specific requirements

of the AFIT parallel simulation research group and applying the knowledge attained during the

literature search.

Once the model was completed, it was implemented and tested using the Battlesim simulation

program operating on a single processor. Implementing the -nodel in a sequential simulation first

allowed testing of the actual model without the complexities added by parallel execution.

After the implementation of the model worked in a sequential programming environment, it

was modified for use in parallel execution. Conversion of the model for parallel execution did not

involve significant changes since the problem was already mapped to multiple logical processors

(LPs). Changes were required to keep objects synchronized between LPs. This model was then

tested.

The implementation was complete when the model was operational and te-ed. At this point,

the Battlesim program was able to simulate interaction of objects with other types of objects. The

interaction of objects with terrain and the interaction of components in a complex object were not

tested, but can be implemented using the new simulation model.

8



1.8 Outline of Thesis

Chapter 2 of this thesis contains background information in the research area resulting from

"a literature search of current research in the area of object-orierted simulation. Chapter 3 is

"a discussion of design issues that were 'nnsidered before arriving at a final design method for

interacting objects in simulation. Chapter 4 contains the actual design of the object interaction

scheme resulting from this research. Chapter 5 contains information about the implementation of

this scheme using Battlesim. Chapter 6 contains the results of the implementaLtion and testing,

conclusion about the results, and recommenidations for further research in the topic.

Appendix A contains a data dictionary of the data elements of the design model and of the

data elements of the Battlesim implementation model. Appendix B contains a description of the

new Battlesim player structure. Appendix C is a user guide for using the model in the Battlesim

program and modifying it to accommodate new player classes and event classes. Appendix D

defines the new map object. Appendix E defines the new scenario file format. Appendix F contains

configuration control information for Battlesim.

• , , ,, ,• •- : • ' • •"" ; - . . .



II. Background

2.1 Introduction

Current trends in simulation have led to the use of object-oriented techniques for modeling

real-world objects and processes. The techniques used in Object-Oriented Simulation (OOS) are

somewhat new to simulation and OOS languages are being developed to provide the capabilities of

object-oriented programming for use in simulation.

The purpose of this chapter is to provide a background in the topic of object-oriented sim-

ulation and modeling as well as object interaction and collision detection. This literature review

discusses discrete-event simulation, object-oriented simulation, the principles of object-oriented

programming, object-oriented modeling, object interaction and the physical interaction of objects.

The information for this chapter was drawn from current literature in the areas of discrete-event

simulation, object-oriented simulation, collision detection , and Battlesim.

2.2 Discrete Event Simulation

Discrete event simulation is a simulation paradigm that advances in time increments that

depend on the occurrence of events in the simulation and therefore has "the advantage of speed

of program execution because events are scheduled only as needed (6:167).' Events are predicted

based on the current simulation state and then saved until the simulation clock advances to that

time. A discrete event simulation can proceed by either predicting and executing one event at a

time or by predicting multiple events and scheduling them on a time-ocdered queue and removing

the earliest time event to be executed. In either of these methods, the simulation clock is always

advanced to the time that an event is scheduled to occur before the event is executed (10).

10



2.3 Object-Oriented Simulation

Simulations provid,, a model of the behavior of objects or processesi that occur in the real

world. The use of simulation to model objects and processes allows modelers to obtain predictions

of the actual behavior of an object or process without requiring implementation of the real thing.

Simulation, therefore, can be a valuable cost saving tool and is used often during the design and

analysis of future systems (3:195).

Early work in simulation focused on controlling the occurrence of simulation "cvents" in

time. The simulation modeler identified the states and events of the system and then defined

the conditions that caused a system to change state. This method of simulation modeling is

good for simulating processes that have well-defined states, events, and state transitions. A newer

generation of simulation methods emphasized the flow and processing of entities through a system.

This method of simulation is good for modeling manufacturing processes (3:195).

The newest approach to simulation modeling is the object-oriented approach. This approach

emphasizes the objects in a system and their interactions with each other. Object-oriented siniula-

tion (OOS) languages are good for simulation modeling, because, as Bischak states, "It is natural

to view the real world as a set of objects that interact with each other" (3:194). It is also easy

to map things that are not physical objects into simulation objects when modeling a system. An

example is that of a database record which, though intangible, can be modeled as an object.

OOS languages are programming languages that use the object-oriented approach to modeling

and provide tools that are necessary for use in simulation. OOS languages place emphasis on the

objects in the system to be modelled while other types of simulation languages require the use of

predefined simple objects that cannot be modified by the modeler. OOS languages allow modelers to

create their own definition of new types of objects easily. An object-oriented simulation language

is also concerned with communication between objects that results in the change of state of an

11



object. Conventional simulation languages, on the other hand, emphasCize tile use of function calls

to which variables are sent to have their valuem changed (3:195).

Object-oricnted simulation software is more reusable than traditional simulation software

because objects can be reused in future simulations. Once all object is defined, its structure can

be kept in an object library and reused later to define similair objects. Objects are also easy

to maintain because all the information about the object is held in one place, within the object

definition (3:195).

2.4 Object-Oriented Programming Principles

A simulation object consists of a data type that defines the object's attributes and the set

of operations that can be performed on that data type. Data for the objects are encapsulated,

which means that the data are accessible only through the operations that are defined on the

object (3:194). The data are protected from being read or mudified by other objectxI.

Descriptions of types of objects are called classes. A class is an object description that is

a template for the creation of objects of that type. The class is described in terms of the types

of data that are used to define objects of that class and the ways in which objects of that class

interact with the outside world. Objects of a given class are called instances of that class. Object

classes are stored in a library that can be used to write simulations (3:196) (27:303) (25).

Classes are defined in a class hierarchy, where some classes are subclasses of other classes. By

making one object class a subclass of another object class, objects can inherit properties of other

classes. Inheritance allows existing objects to be easily modified to create new objects. Objects

can be retrieved from the object library and customized for various applications. For example, a

car object class can inherit properties of a more general class called tvehicle. This simplifies the

definition of the car object class by not having to repeat the part of the definition that describes it
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as a vehicle (3:196-197). Classes at a level in a class hierarchy are usable for deflning other clases

at the same level or any lower level (27:303).

Polyniorphism is the ability to make different objects appear to do the saine thing. One

example is 'iat of a forkliftLtruck object and a stacker.craoe object. Each object could have the

capability to pick utp something using a function called pick-up. The program determines which

function to call at run-time rather than at compile-time since the actual behavior of the function

is determined only after it is known which object is involved in the function call. Polymorphism

is also known as function overloading because the same function name is used in more than one

object class (3:199-200) (17:329).

The use of dynamic objects requires tools to create and destroy objects on demand. Creation

of an object involves execution of a constructor and must be done whenever a new object is required.

Similarly, a destructor is executed to destroy an instance of an object and must be done when an

object it no longer needed by the simulation. Use of the object creation and deletion processes

allows the simulation to use computer memory more efficiently by having space allocated only for

objects that are currently active in the simulation (3:199).

Simulation objects communicate by sending, receiving and interpreting messages. OOS pro-

cesses are the property of the objects that contain them. When an object needs to interact with

another object, it calls the required process in the other object to provoke a response. Because all

of an object's data are encapsulated in the object, the only way the data can be accessed is by

calling the appropriate process to make the object respond and perform the required action (3:200).

2.5 Object Modeling

The actual modeling of a system into a simulation requires an understanding of all of the

objects and their interactions, since these are the key concepts in object-oriented modeling. Mod-

eling of the objects themselves is a direct mapping of real-world objects to simulated objects. The
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snillulation nIOldelvr definles the objects by det-crniiling what. objects to use, tile types of information

that they mnst. store, arnd the operation)s they must perform. The mod'eler references the object

library to obtain the types of objects needed for his or her mipplication. The simulation model is

then built using predefined-defloed object classes and r.pply;ng the principle of inheritance and

sub-classes to create new and more complex objects for specific. applications.

An example class hierarchy provided by a simulation language consists of base cla,,ses, ap-

plication support classes, and application-specific 'lasses. Base classes are at the top of the class

hierarchy and are general-purpose object classes that are not necessarily ulnique to s.imulation.

Members of ba)se classes are often commonly used data structures smuh as stacks and queues. Ap-

plication support object classes are created to be used ill any simulation and can be reused in

many application -specific problem areas. The simulation support object classcs are members of

the application support classes amnd may consist of simulation clocks and simulation output objects.

The lowest level in this hierarchy consists of applicatioi-specific object classes that can he reused

to solve problems within a specific application area. This level is where most simulation modeling

1msst take place (27:303-304). The main goal of this class hierarchy is to create sinmulation classes

that are simple and highly reusable, so they can be reused and expanded to allow more complex

objects to be defined (27:304).

Sweeney provides an advanced look at object-oriented modeling. He defines a physical model

that cami be used to model actual physical objects. A physical model has mathematically defined

physical properties and holds the state of an object at a given instance in tine. The eivironment

containing thie physical model can have forces such as gravity, friction, and wind that act oil the

objects. The object models in this environment interact with each other and apply collision forces

to keep objects from passing through each other. The physical properties of the objects determine

whether objects bounce or break when they collide (31:1188).
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2.6 Object Interaction

Object interaction is the method of "how each object is going to communicate with each other

and the simulated world as well" (9:317). Objects communicate by passing messages. A message

consists of a receptor, a selector, and possibly some extra arguments. The receptor indicates the

object to which the message is addressed, the selector specifies which of the object's operations is

selected, and the parameters may be needed for processing (17:328). For typical object interaction,

object methods are used that emphasize object interaction rather than data manipulation. To call

a method, only the identified method of the object needs to be called, along with the event time

and event code (27:302-307).

One of the problems in modeling the interaction of objects is determining the visibility of

objects to each other. In the following two models, objects do not know about other objects in the

simulation. The objects communicate with other objects by sending and receiving data through

local communication ports. The actual communication between the objects is handled by the

simulation system.

2.6.1 Object-Connection-Update (OCU) Model. One technique i -ed for modeling inter-

active objects is the Object-Connection-Update (OCU) Model (15). The OCU model divides the

simulation domain into a collection of subsystems. Each subsystem may represent an object or

related group of objects in the simulation and is defined by the following four parts: a controller,

an import area, an export area, and the objects of the subsystem. Figure 3 shows how these areas

may represent a group of objects.

The controller carries out the mission of the subsystem by managing the behavior of the

objects in the subsystem and the communication between them. A controiler is able to update,

initialize, stabilize, configure, and destroy objects. A controller has no knowledge of the other

subsystems in the application.
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Figure 3. OCH model representation of an object.

The import area of each subsystem is the data input interface where each object retrieves

the data that it needs. The import area retrieves the required information from the export area of

other subsystems when the data is requested. The data in the import area is then either directly

accessed by the objects or it is delivered to the object by the controller. The import area cal be

implemented as a "procedural interface for each kind of data needed from other subsystems."

The export area is an output interface through which data is output to other subsystems.

Data placed in the export area are available to the import area of other subsystems. The export

area can be implemented as a set of data records that is loaded by the local subsystem objects or

the controller and is accessed by the import areas of other subsystems.

The objects in this model are passive and act based only on data received from other objects.

They transform received input data into object state data and are not aware of where the data

conie from, only what data they need and that they can get it from the import area. The actions
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of the objects are activated by the controller according to the mission coded in the subsystem

controller (15:17-21).

2.6.2 J-MASS Software Structural Model. Like the OCU model, the J-MASS (Joint

Modeling and Simulation System) Software Structural Model (SSM) divides the simulation objects

into smaller systems. The SSM groups objects into teams, which consist of a set of objects and the

operations that support them.

The objects are defined at three different levels: elements, assemblies, and players. An

element is the lowest-level model component, which usually represents a physical component of

a complex object, such as a tire on an airciaft. An assembly is an intermediate-level modeling

component that represents an aggregation of lower-level components such as the landing gear on

an aircraft. Assemblies may be a subcomponent of a higher-level modeling unit called a player.

A player is the high-level component that represents a class of objects that exist as independent

entities in the simulation, stch as an aircraft. Figure 4 shows the relationship between the object

components (1:22).

C4 4ý [ bYEecs

Figure 4. Object diagram for the J-MASS SSM model.
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The SSM uses the Data Management Package (DMP) to manage all aspects of data access

within the simulation. The DMP uses ports to allow objects to send and receive data from other

objects. Ports are defined in the simulation model to be data channels bctween specific players.

When a player wants to output data, it executes a DMP procedure call that sets up outputs in

the port. When the port is ready, the other player removes the data from its end of the port. The

use of ports allows the data exchanges to be done locally at an abstract level without each player

needing to know the location and interfaces of the other players with which it must interact (1:20).

2.7 Physical Interaction of Objects

2.7.1 Maintaining Object Spatial Locations. When modeling battlefield simulation or

other simulations that require physical interaction between moving objects, it is necessary to main-

tain the position of all of the objects. The two basic ways of handling position maintenance is to

have the objects maintain their own position or to have an object manager that keeps track of all

of the objects' locations. The simpler model is to allow the objects to maintain their own positions.

The disadvantage of this method is that it results in a high number of communications between

objects in order to find the spatial positions of all of the other objects.

Zeigler provides an example of an object manager by using what he calls a "space-manager"

for a robot management system. The space-manager is used to keep track of where objects are

located and with which other objects they can communicate and interact. When a robot object

moves, the object's motion-system sends the new location and direction to the space-manager,

which maintains this information. The space-manager also controls communication by passing

messages only to other objects within a certain communication range. The space-manager is also

used to detect collisions between the robots (32:238).

The J-MASS SSM uses a Spatial Manager to keep track of spatial information such as position,

orientation, and velocity for all of the objects in the simulation. Players in the SSM are allowed
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to update their state whenever it changes by providing their new spatial state or the change in

their spatial state since the last update (1:20). The advantage of this type of model is that all of

the spatial state information is centrally located. Additionally, the Spatial Manager can be used

to provide services to the objects, such as providing the location of other objects or the spatial

relationship between two objects.

2.7.2 Collision Detection. Collision detection and response provide realism to simulation

because they prevent objects from moving through each other. Collision detection is the process of

determining if two simulation objects are trying to occupy the same physical space. Trh.e procedure

used to detect a collision depends on the type of simulation being used.

A discrete-event simulation requires that collisions be predicted as part of the process of

determining the next event for an object. This is necessary because discrete-event simulation

depends on predicted events and does not allow any real-time detection of object interaction. The

process consists of comparing an object's position and velocity against the position and velocities

of the other objects in the simulation to determine if a collision will occur.

Collision detection in a time-driven simulation consists of periodically comparing the positions

of all of the objects to determine if two of them are occupying the same space. This is usually

done during an object's position update cycle. An object is updated and then checked to see if a

collision has occurred (34:4).

Response to a collision differs depending on the purpose of the simulation and how the

simulation objects are modelled. A collision could result in objects bouncing off of each other.

destruction of objects, partial damage to objects, or just notification that the collision occurred.

The simulation modeler decides what the result will be. Response to a collision can be implemented

by having the objects involved in a collision send each other a collision message that causes them to

react to the collision. The collision message could contain such data as the identity or type of object

and its weight, or any other items that could be used to calculate the result of a collision (29:66).
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2.7.2.1 NPSNET. One example of collision detection is the NPSNET system at

the Naval Postgraduate School. NPSNET is a real-time simulation program that participates in

the SIMNET distributed simulation. NPSNET uses an algorithm that constantly checks whether

a collision has occurred. As soon as a vehicle is updated. its position is updated and a check for

a collision is made. The scope of the collision detection search process must be severely limited

to maintain the speed of the simulation. Collision detection with fiyed objects such as buildings

or terrain is done only if the moving vehicle is below a threshold elevation. However. collision

detection with other moving objects must be done at all times. If the X and Y position of the

other vehicle is within a certain range, a second level comparison is made. This second-level check

calculates the actual distance between the objects. If this distance is within the bounding spheres

of the objects, then a collision has occurred (34:4).

2.8 Buttlesim

The TCHSim pr;gram, used in the parallel simulation laboratory at AFIT, supports parallel

discrete event simulation by providing a simulation driver, a simulation clock, a next event queue,

and an interface to the SPECTRUM parallel environment (12) (21). The next event queue is a

time-ordered priority queue that contains the set of events that have been scheduled. Each event

has a time, an event type, and references to objects that are affected by the event (13).

Battlesim is a parallel discrete event simulation program written in C that is used to simulate

the actions of objects as they move throughout a battlefield. The program is designed so that

sectors of the battlefield can be assigned to different logical processors that can then be executed

on separate processors of a parallel or distributed computer. This section discusses the state of

Battlesim prior to this research effort (referred to herein as the "original" version).
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2.8.1 Limitatiorns of the Original Version.

2.8.1.1 Simulation Players. A simulation player in this application is an object

that is being simulated. The original system was designed so that a single player class structure

could be used to represent multiple types of players by using a player type identifier. Although this

approach has worked well to support the player structures, it does require moving unneeded amounts

of "data" between processors for simple players that do not use all of the generic attributes. The

biggest limitation, however, is in implementing different versions of the operations for the different

player types.

2.8.1.2 Event Prediction. The Battlesim event prediction and scheduling models

assumne that all types of simulation objects (player) are subject to the same types of events. The

simulation, therefore, ran all the players through the same event prediction routines. This was not

a problem as long as all the objects simulated were similar enough to have most of the same events.

Exceptions, such as sensor detection events, were handled by checking first to see if the player had

any sensors.

2.8.1.3 Object-Oriented Principles. The original implementation of Battlesim might

be considered more object-based than object-oriented. Objects were not fully encapsulated and

information hiding was not well enforced. Examples of these problems are listed below.

"* The player objects had references to simulation sectors and player copies of themselves that

existed in other simulation sectors.

"* Methods for the player existed in files not specific to the player.

"* Entities outside the player object directly accessed data within the player without using the

proper function calls.
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2.8.1.4 Implementation of Parallelism. The original Battlesim software did not have

the capability to exchange data between multiple logical processors. This was due to the lack of a

proper SPECTRUM interface for TCHSIM and the need for the proper SPECTRUM adjustments

in Battlesim to ensure proper message passing, processor utilization, and processor termination.

2.9 Conclusion

This literature review provides a background in the areas of object oriented simulation and

modeling. Object-Oriented Simulation (OOS) provides a natural way of modeling complex objects

by providing a direct mapping between the real world and the simulation environment. This

promising approach to simulation modeling allows for easier modeling and mo.e reuse of simulation

code.
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IlI. Design Issues of Interacting Objects In Simulation

3.1 Introduction

The proper design of an object-oriented simulation requires addressing many related topics.

Each of these topics must be reviewed in order to carefully r)ian and design the simulation sys-

tem. This chapter discusses the issues involved in the representation of objects, communication

between and within objects, keeping track of objects, and the problems introduced by parallelism

in an object-oriented simulation. Each of these topics is discussed, as well as alternatives for their

implementation.

3.2 Object Representation

Object representation is the method of defining an object in an object-oriented program.

This section discusses the representation of general simulation objects, aggregate objects, and

environmental objects.

3.2.1 General Object Model. One of the goals in designing a simulation environment is

keeping the model general enough so that the environment can be used to simulate many types

of objects. Although a given simulation system cannot simulate absolutely everything, it should

be able to simulate all or most objects that can occur in a given class of simulation. In the case

of this thesis, the simulation class is objects that move and interact with each other in a spatial

environment.

Objects are typically represented as a set of attributes which comprise their state, and a

set of functions or methods that allow outside entities to access, modify, or control their state.

The design of a simulation system should allow all types of simulation objects to be accessed and

handled the same way, using the same method calls for the same type of data access or notification

of events. The object-o-iented programming concepts of classes, subclasses, and inheritance support

the ability of the simulation to handle objects the same way. The concept of polymorphisin allows
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the same calls to be used with different types of objects for activities or methods that perform the

same function. One of the results of being able to treat objects the same and allowing the same

calls to be used with different object types is that objects can be added to the simulation with

minimal modification to the simulation environment and support system.

In an ideal object-oriented simulation environment, objects are completely self-contained.

meaning that they encapsulate all of their attributes and control access to them with their methods.

Objects are controlled by the simulation and by other objects through calls made to the methods

of the controlled objects.

3.2.2 Aggregate Objects . Aggregate objects are simulation objects that are composed

of component objects (17:342). For example, an aircraft may be represented not only a.s a single

object known as the aircraft, but it may be modeled more complexly as an aggregation of objects

that make up the aircraft and interact together to make the aircraft operate. These component

objects could be a fuel system, engine system. communication system, navigation system, and other

systems that may consist of the actual components that make up those systems. The amount of

detail used to model these subsystems depends on what is intended to be simulated and studied. A

radio communication system would not be very important in a simulation that is used to study the

flight performance of a new type of aircraft, while the controls of the aircraft and their response

would be very important.

Aggregate components can either be dependent or independent of the aggregate object. The

existence of dependent components depends on the existence of the aggregate object. Independent

components can exist without the aggregate object (17:343).

Aggregate components can also be defined as being shared or exclusive components. Shared

components can be shared by more than one aggregate object, while exclusive components can be

part of only one composite object (17:343).
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A simulation model must be able to represent aggregate components in at least one of the

following two ways. The components can either be represented as independent simulation objects

that are tightly coupled. or they may be modeled as subparts to the simulation object that. they

comprise and be controlled by the "parent" object. Using the first method of having each component.

modeled as an individual simulation object, the components can be independent of the aggregate

object. An example of independent aggregate components are planes that make up a squadron,

where the squadron is an aggregate object. The second method of modeling components as subparts

to a simulation model requires the components to be dependent on the aggregate object. The

aggregate object is the only object that has visibility to the component objects. An example of

this method is an aircraft and its subsystems.

3.2.$ Environmental Objects. In this thesis, an environmental object is an object that

is considered to be part of the environment where the simulation is taking place and affects ob-

jects at any location in the simulation. The objects are not typical simulation players because

they often cover every partition in the simulation. Some examples of environmental objects are

terrain, weather, atmosphere, electro-niagnetic field, or any other object that can affect players in

a simulation.

Environment objects can be implemented in one of three ways on a partitioned simulation.

The object can be totally duplicated in each partition, partially duplicated in each partition, or

solely existent on one partition. The method chosen for design and implementation of the environ-

ment object depends on the characteristics of the object. Objects such as terrain require a different

set of complex data for each partition and are too large to implement fully on each partition.

Therefore, it is more efficient to implement a partial terrain object on each partition, containing

only the terrain data necessary for that partition. Since the goal of using spatial partitioning is

to minitaiz the search space of interaction calculations and to minimize communication between
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processors, implementing an environment object on only one partition is a poor design choice if

niany of the simulation objects must interact with it,

The desire to keep the simulation easy to modify makes it more desirable to design environ-

niental objects like any other simulation object. This would alleviate the need to provide special

object hu.ndlers for environment type objects.

3.2.3.1 Representation of Terrain. There are two major methods used to represent

terrain in a simulation. It can be represented as a system of map coordinates with respective

altitudes referenced for each coordinate, or it can be represented as a set of polygons which represent.

pieces of the terrain. Sometimes these two methods are mixed so that points from map data are

referenced together to form polygons.

Terrain as Map Data. Terrain is most easily maintained as map data because

it is simply a table of map coordinates where each coordinate has an associated altitude. The

Defense Mapping Agency (DMA) is a common source of map data. The DMA provides Digital

Terrain Elevation Data (DTED) that is arranged in a rectangular grid and provides elevation data

for the locations corresponding to the intersection of the rows aid columns of the grid (24) (8:2-1).

The advantage of representing terrain as map data is that altitudes can be easily referenced by

iusing the mnap coordinates. The data can be sorted in a two dimensional array. The disadvantage

is that it is simply point data and requires translation to a new format to be able to graphically

display it and interpolation to determine altitudes in locations that are not at the specific points

used in the map dataset.

Terrain as a Set of Polygons. Representing map data as a set of polygons is

common when the data must be displayed graphically, since graphic display systems are designed to

handle the display of polygons. Polygon data is usually represented by a set of vertices, a normal,
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color, and a texture. The normal, color, and texture are used to affect tile appearance of the

graphical representation of the polygons.

A polygonal model of terrain call be generated fromn map data by joining the corners of each

grid cell to form a non-planar rectangle and then connecting two opposite corners of the rectangle to

form two three-sided polygons. Using every gridpoint in map data to generate a polygonal terrain

file often results in terrain files that take up substantial niemnory and contain more detail than

necessary. The precision and storage requirements of the resulting polygon model can bh lowered

by using only every nth grid point m by choosing a representative data elevation for each area of

a larger, or more coarse, grid (8:2-2).

Representation of terrain as a set of polygons eliminates the need to calculate pieces of terrain

information for display or when checking for collision detection. The algorithm must simply check

for intersection between an object and an existing polygon. However, it introduces problems that

are not encountered when using the regular map data representation. The problem of incrcascd

data storage occurs since vertices are referenced more than once. The problem of referencing the

correct polygons occurs since the data must be stored differently than inal, data. The map niethod

allowed data points to be referenced directly, since data could be represented as arrays referenced

by X and Y locations, to find the altitude value Z.

3.2.3.2 Representation o0f Weather. Weather is an environmental object that can

take the form of wind, clouds, rain, visibility or other weather conditions that can affect an object.

In simulation it is often represented as a parameter that fits into an equation affecting the perfur-

mance of an object. It is usually controlled by calculating a probability that controls the state of

the weather.

The Saber system at AFIT represents weather as a get of states. The simulation is initialized

with a forecast percentage. Weather for each section in the simulation is determined by computing

the result of a random number with a forecast percentage index. The index determines the state of
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the weather for that particular "weather period". Weather is updated at intervals that are multiples

of simulation time periods (26).

3.3 Object Interaction

Object interaction in a simulation is the process of objects communicating with one another,

either directly or indirectly, and possibly changing state as a result of the communication. This

communication can bc direct, as in an object sending a message directly to another object or

indirect, having the simulation handle interaction that occurs due to the given states of the objects.

An example of direct communication would be a supervisor object giving orders to a subordinate

object, or an aircraft object sending a radio message to another aircraft object. An example of

indirect communication is a collision between two moving objects that is handled by the simulation

system. In this case, neither object "knows" about the existence of the other object or sends any

messages. Communication between objects can be categorized into three different areas: to request

a service , to provide notification that a specific event has occurred, or to provide data (19).

3.3.1 Object Visibility and Independence. Visibility is the term used to describe whether

one object has knowledge of the existence and location of another object so that it can send it a

message or call one of its methods. Visibility not only determines which objects are "seen" by an

object, but it also determines what object methods inside an object can be seen by other objects.

This section is mainly about objects being able to "see" other objects. To establish visibility of 4u.

object, the modeler must determine what objects need to communicate and what object data need

to remain hidden from other object.

3.3.1.1 Objects With Visibility. When objects have visibility of other objects in the

simulation, they are able to make calls to the methods of those objects. This is the approach most

commonly used in object-oriented systems as described in object-oriented texts (25) (4). Normally

objects are given visibility to other objects when they are active objects that control or directly

28



interact with the other objects. The controller, or calling objects, have visibility of objects that

they call.

Common approaches used to give objects visibility to other objects are through inheritance,

making one object an attribute of another, making a pointer to one object an attribute of another.

including a header file that defines another object's class, and passing an object in a parameter to

methods that require that object(28:23).

The disadvantage of giving objects visibility to other objects is the lack of flexibility in chang-

ing the system. When object types are added to or deleted from a simulation, the other objects

that specifically access those objects must be updated to accommodate the changes.

3.3.1.2 Objects Without Visibility. When objects are not given visibility to other

objects _n the system, they cannot access them without interacting with a control object that can

provide them a pointer to the object. Objects that do not have visibility to other objects are

normally passive and are acted upon by other objects. These objects do not need to know about

the existence of any of the other objects in the simulation. They only need the methods that allow

them to react to inputs from other objects in the simulation, to perform their own behavior, and

to provide and receive data as a result of control external to the object. If each of these objects is

self-sufficient and unaware of other objects in the simulation, the matter of adding an object to a

simulation should be a simple effort of plugging in a new object type, the event types that it takes

part in, and the prediction algorithms for these event types, without creating changes all across

the simulation.

The interfaces between each type of object may need to be defined, though, if those objects

need to interact. For example, the simulation must know which objects can interact with each

other. Since the objects do not know other objects are out there, the simulation must control their

interactions by predicting events and then handlipg the interaction that occurs due to the event.

29



Therefore, each object must know how to react to a given event in the same way. For example.

during a collision, an object is told that it was hit by a given force in a given direction, and the

object must react accordingly. Unless that object has some kind of sensors, it does not know what

type of object hit it. The object can be designed so that it reacts differently to different levels of

impact. A small impact may cause a dent, or a change of direction. A larger impact may cause

the loss of performance capability, and an even larger impact may cause total destruction of the

object.

3.3.2 Object-Object Interaction. Simulation objects are simple objects that are being

simulated. An example of a simulation object is an aircraft that has attributes and methods, but

no component parts. Interaction results from calling one of the object's methods and the object

responding to the call. If the objects have visibility to the other simulation objects, they can

communicate by calling the object's methods directly.

If the objects do not not have visibility to the other objects, interaction must be taken care of

indirectly by the simulation. The simulation analyzes the state of the objects and causes interaction

by calling the methods of the objects that interact. Although some simulation scenarios contain

simulation events that cause multiple objects to interact at the same time, at any one instant an

object can communicate with only one other object by calling one of its methods.

3.3.3 Object-Environment Interaction. As described in an earlier section, environment

objects are objects that represent a single object that is part of the simulation environment. This

section will discuss the issues of objects interacting with environment objects and whether this

interaction is different than the interaction between two simulation objects. Environment objects

are omnipresent in the simulation and must consistently interact with the other simulation objects.

If the environment objects can be modeled the same way as simple simulation objects, then their

interaction can also be modelled in the same way.
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3.3.3.1 Object-Terrain Interaction. The primary interactions that terrain has with

other simulation objects is collision detection with the terrain for airborne objects and terrain

following for ground-based objects. Usually terrain is a completely passi% unchanging object that

reacts physically with the simulation objects.

Collision Detection for Airborne Vehicular Objects with Terrain- If map data

is being used to represent terrain, simply using the vehicle's position and referencing the respective

map location will allow finding the altitude at the current X, Y location to see if the object has

collided with the terrain. The actual collision detection between the vehicle and terrain must be

determined by finding if the body of the object has intersected the plane of the local piece of terrain.

Since map data is typically point data. the actual altitude and platIe of the local piece of terrain

must be calculated by using the corner points of the local piece of terrain. These computations are

relatively easy to do. Other considerations here are when an object is at the intersection of two

or more pieces of terrain. Computations must first determine which pieces of terrain are involved,

then determine the actual coordinates of each piece, and finally determine whether an intersection

has occurred.

Terrain Following for Ground Vehicle Objects. Terrain following for ground

vehicles requires the same type of computations to determine the pieces of terrain invoived, but

a different type of computation to determine how the object will be affected. The slope of the

terrain determines the orientation and roll of the vehicle as it travels across the terrain. Changes

in the vehicle's state are represented by events that must be computed to coincide witii the vehicle

reaching places where the slope of the terrain changes. Determination of the change in slope will

be affected by several details. The most impartant of these is the incremental size of the terrain.

If the terrain is broken down into segments that are considerably larger than the object, say every

50m. then it is trivial to schedule an event every time the ground object intersects the edge of a

plane of the terrain. However, as the terrain gets broken into smaller, more exact pieces, the object
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must interact more and more with the terrain. If the terrain is measured in smaller and smaller

pieces, it gets so that each wheel of a vehicle must interact with a different piece of the terrain.

The solution of this problem depends greatly on the goal of the simulation. If the simulation

is just simulating the interaction of battlefield vehicles where terrain is not part of the calculation,

it is pointless to perform calculations for every bump in the road. On the other hand, if the goal of

the simulation is to perform a performance test simulation for a particular vehicle in rough terrain.

every bump in the road can be very significant.

3.3.3.2 Object-Weather Interaction. Simulation objects interact with weather by

calling the weather object's methods to determine the state of the weather. The state of the weather

has an affect on the performance of the object.

3.3.4 Aggregate Component Interaction. An aggregate object has internal interactions

and external interactions. The internal interactions are between its internal components that

determine the behavior of the object. The behavior is not seen by the environment surrounding

the object, only the resulting actions or changes in behavior or state that the object makes due

these interactions.

Aggregate objects must have their components interact, either internal to the player or as

individual objects. The simulation model used here assumes that all aggregate object communi-

cation is taken care of by the object, or that the individual components be treated as simulation

objects that equally use the next event queue.

3.4 Event Handling

Events are used to represent the occurrence of interaction between objects or the change

of state of an object. The subject of event handling in discrete-event simulation concerns the

prediction of future events and then executing or reacting to the events when they occurs.
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8.4.1 Predicting Events. Predicting events is done by examining the current state of

the system and determining what future events will take place. The progress of the simulation

depends on being able to determine the next possible event that will take place. This process is

most successful when one event is predicted at a time, since the execution of an event can change

the state of the simulation and cause any other already predicted events to become invalid.

Events often represent the interaction of objects and require knowledge of other objects in

the system. For this reason, the responsibility of predicting an event needs to be given to objects

in the simulation that have visibility to be able to access the appropriate objects.

3.4.1.1 Predicting Events for Aggregate Objects. In discrete event simulation, the

modeler must decide how to handle event prediction and interaction with the next event queue.

Communication with the next event queue may either be through the main object or directly from

the component object. If the main object handles the scheduling of internal events, then all internal

event interactions must be passed through the main object. On the other hand, if the lower objects

handle their own interactions with the next event queue, additional intelligence must exist in these

lower objects to be able to interact with the queue.

3.4.2 Reacting to an Event. Reacting to an event involves performing the actions required

for the event to be executed. When an event is removed from the next event queue, it is executed.

The execution of the event causes manipulat' on of the appropriate objects involved in the event.

3.4.2.1 Single-Object Events. The method of handling events that handle single

objects is very easy. Single-obiect events are usually internal to objects and the events simply

execute the proper simulation object methods to handle the event. Events that interact with other

objects in the simulation are handled by the event manager.
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3..2.2 Multiple-Object Event. Events with multiple objects need to be handled

by an event manager to avoid excessive complexity within the simulation objects. The scheduled

event must contain references to all of the involved objects and then provide the interaction control

between the objects. This interaction control performs the functions of retrieving object state.

modifying their state, and calling the methods that are required to produce the effects of the

execution of the event.

3.5 Managing Objects

As addressed in the literature review, the position and movement of objects can be maintained

and provided by a spatial manager or by the individual objects. Both of these methods have their

advantages and disadvantages.

3.5.1 Spatial Manager. A spatial manager, such as the one used in J-MASS, keeps

track of the location of all the objects in the simulation. The spatial manager provides an easy

to use interface that provides such services as the location of objects, the nearest object, collision

detection, and object visibility. Objects query the spatial manager to determine which is the next

object that they will collide with. They know only the existence of the spatial manager, but not

the existence or locations of the other objects in the simulation. The advantage of this approach is

that each player only needs to know the existence of the spatial manager and how to interact with

it. The spatial manager, however, needs to be complex enough to be abic to determine the next

collision for any selected object.

The spatial manager needs to be updated by the objects as they change. The two ways to

handle these updates is either to get a positional update or just a velocity update. In the first case,

the objects know their actual location in the simulation. In the latter, they only know their current

speed and direction and the spatial rmanager determines their actual positions, as calculated by the

ch.nges in their courn 2 and speed.

34



The advantage of using a spatial manager is having all of the position information in one

location and possibly even ordered to make positional searches more efficient. The disadvantage of

using a spatial manager is that duplicate information is maintained in the objects and the spatial

manager. Also, the spatial manager is likely to be difficult to modify when the simulation changes

to require the use of different object types and the provision of different services by the spatial

manager.

3.5.2 Object Self-Management. Having objects keep track of their own position keeps the

object's information encapsulated within the object. This provides for a simpler design because

object data does not need to be replicated in a spatial manager every time the object changes. All

references to the object's location must be made by using the object's method to retrieve the data.

The advantage to this technique is that object positional data is kept in one place and therefore

does not require constant updates to a spatial manager. The disadvantage is that each object must

be accessed individually to determine their status or the status of the simulation environment as a

whole.

3.6 Impact of Parallelism

3.6.1 Logical Processor Synchronization. Executing a simulation on more than one pro-

cessor requires synchronization between the processors to maintain the integrity of the simulation.

In a real-time simulation, this process consists of keeping the simulation clocks on each processor

synchronized. In a discrete event simulation, this piocess requires the simulation on each logical

processor (LP) to wait until all of the other LP simulations have advanced to a time equal to or

greater than the local simulation clock. Synchronization must be maintained so that simulation

events across the multiple processors happen in the correct time order.

3.6.1.; Conservative Approaches. One method of synchronization is the Chandy &

Misra approach of not allowing a processor to proceed until all its input channels have reached a
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time greater or equal to the time of the local simulation clock (5). This is considered a conservative

approach. In a parallel discrete event simulation, this means not taking an event off the next event

queue until all the input channels have reached a time equal to or greater than the time of the first

event on the next event queue.

3.6.1.2 Optimistic Approaches. Time-Warp and Rollback are optimistic approaches

to processor synchronization. They allow the simulation on each processor to proceed at its own

speed and then back up if a message is received with a time-stamp earlier than the current simulation

time. These implementations require a method to save the state of the simulation at regular

intervals so that it can be restored if needed. Depending on the characteristics of the simulation

these approaches are used in, they can also add a lot of overhead if the simulation must be backed

up and restored often (14) (22).

3.6.2 Simulation Object Synchronization. In a simulation that is divided into more

than one simulation sector, it is possible for an object to require visibility into other simulation

partitions due to its proximity to the boundary of its current sector. This visibility is necessary so

that interaction can take place with objects that are in other partitions, but are able to interact

with an object because they are located close enough to the object.

3.6.2.1 Simulation Objects. Simulation objects moving between LPs require the

addition and deletion of player copies from LPs as the objects move from one LP to another.

However, when an object is located right near a boundary, there is more than one way to implement

its visibility requirements. The object can either be duplicated on both of the LPs or it may just

be .'-!. visi into the other LP by communicating with it.

Multiple Player Copies. In this case, the simulation places a duplicate player

copy in the sector that now holds part of the player. The player copy is responsible for predicting

and executing . tnts that occur in the second sector and cannot be detected by the original player
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copy. Additionally, it is possible that the occurrence of an event on one processor may nullify an

event that was predicted on a different processor.

When copies of the same object exist on more than one LP, the data in each of the copies must

be consistent to maintain the integrity of the simulation. A process must be devised to maintain

the consistency of the object copies. A method of keeping track of the other player copies must be

used so that the copies can be updated.

Increased Object Visibility. One way to provide increased visibility is to allow

an object to send messages to other LPs and have the other I.Ps respond if a certain object is

found on one of the other LPs. This method requires more communication between LPs, since

communicatior. must take place between LPs every time an event is predicted for an object that is

required to have visibility past a partition boundary.

3.6.0) Event Scheduling. When objects have multiple copies, a determination must be

made as to how events are scheduled. If the main object copy does all of the event predictions,

then it makes sense to schedule events for that object on the same LP as that object copy. But if

a subordinate object copy predicts an event, the event can either be scheduled on the same LP as

that copy, or sent to the LP of tht main object copy.

Scheduling Events on the Local LP. The advantage of the first approach is that

the event operates on the object copy that predicted it. This eliminates excessive communication

of events back to the LP of the main object copy, and it allows the event to execute using the

same information and objects that were available when the event was predicted. This allows the

execution of the event to take place on one LP. The disadvantage is that multiple object copies are

being modified on different LPs and require synchronization to ensure integrity of data.
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Scheduling Events on the Owner Copy's LP. The advantage of sending a

predicted object back to the main object copy is that all object modification takes place on the

main object copy. The disadvantage is that the LP of the main copy may not contain all of the

data necessary to execute the event. Communication between LPs may be necessary to accomplish

execution of the event using this method.

Sending events back to the LP of the owner copy can be accomplished in two ways. The

event can either be sent immediately to the other LP or it can be scheduled locally and then sent

to the other LP when it is time for the event to execute. The second method is better for the

use of parallel simulation communications protocol because it is consistent with keeping messages

between processors in monotonic increasing order.

3.6.3.1 Environmental Objects. Environmental objects must either be maintained

on all of the simulation LPs in which they reside or exist on only one LP and require communication

between LPs in order to communicate with it. If the object is maintained on multiple LPs, it can

either have full object copies on each LP or just have partial copies that are associated with that

LP that the copy is located on. The two primary concerns of the representation of these items

in a parallel discrete event simulation model are whether the objects can fit into the simulation

model like any other simulation player object and how to model them across multiple sectors and

processors.

3.6.4 Partitioning the Simulation. The simulat:on can be partitioned either by dividing

the objects or by spatially partitioning the environment. The best approach depends on the object

interaction patterns of the application.

3.6.4.1 Object Partitioning. Partitioning the simulation by dividing the object

types has the advantage of keeping all like objects on the same LP, making them easy to find. This

model would not require objects moving between LPs or the maintenance of multiple player copies.
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The disadvantage of this approach is that it will require increased communication between

LPs to detect and resolve interactions between objects that reside on different LPs.

3.6.4.2 Spatial Partitioning. Partitioning the simulation spatially is a good ap-

proach if objects interact with other objects in their p:oximity. This approach limits data search

by requiring the search to consist only of objects in the local area. The disadvantage of this ap-

proacli is the requirement to create and delete object copies as they move between the partitions

and the maintenance of multiple object copies.

Partitioning of Environmental Objects. Environmental objects such as terrain

must be represented on every partition of the simulation environment to avoid excessive commu-

nication between processors. This can be accomplished either by representing the environmental

object in entirety on each partition or by representing only the portion of the environmental ob-

ject that corresponds directly with the partition. The decision of which method to implement will

depend on the characteristics of the environmental object, such as storage requirements.

One example that can be used to represent terrain files in partitions is that of the NPSNET

at the Naval Postgraduate School. The NPSNET uses terrain files that each consist of one square

kilometer of terrain data. NPSNET uses this method to page terrain in and out of the simulation as

a simulation object moves through its environment (33:66). However, any simulation could use this

method of terrain representation to select portions of terrain that apyly to a particular partition

of the simulation environment. Selectiveiy representing terrain in this manner reduces storage

requirements of the current terrain representation file and reduces the search space for collision

detection.

3.6.5 Transparent Parallelism. Communicating with another object requires visibility of

the location of the other object since its location must be known to ensure the message is sent

to the right place. One practice that greatly simplifies the implementation of simulation is to
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make communication with remote objects transparent. This allows comlmuniicat.ion to take place

as usual, without the sending object "knowing" if the receiving object is local or remote. The

a~spects of finding the other object are handled by the simulation system (11:55). A common way

to implement transparent parallelism is through the use of object request brokers, which support

external message routing between objects that reside on separate processors (20:34).

3.7 Conclusion

This chapter provided a discussion of the topics considered in the design of the simulation

model. Chapter IV discusses the design of the model and the design decisions that influenced it.s

design.
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IV. Design

4.1 Introduction

This chapter discusses the design of the object oriented simulation model resulting froim

this research. First the simulation model is defined. The design of the model is described, its

major components are identified, and the execution of the model is discussed. Then a discussion

is provided of how to change the model to apply it to different simulation applications. Finally.

the design choices are discussed, as related to the discussion in Chapter III. This design is for a

spatially partitioned parallel discrete-event simulation.

4.2 Description of the Model

The model for this Simulation Support system was designed using Rumbaugh's object oriented

designi and analysis nmethods (25). The first step involved identifying all of the objects in the system

and the relationships between them. Figure 5 shows the resulting object diagram.

The model consists of the following objects: an Event Scheduler, Event Predictors, Events,

Players, Partitions, Player Containers, an Object Copy Manager and a Relationship Map. Notice

that both the Application Support System object and the Application object have Events and Event

Predictors as components. The Relationship Map object is used to map all of the relationships

between objects that are implied by dashed line object association connections in the diagram.

The Application Support System is an aggregate of objects that support a simulation. These

objects take care of all Event handling, maintaining pointers to the Players, handling updates of

Player copies, and maintaining association links between objects. The Application Support System

also has a set of Events that are used for simulation maintenance, regardless of the application.

These Events are used to maintain consistency between object copies among different partitions.
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Figure 5. Object Diagram for the Sinilulatiol! Applicýation Support Systemu.
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The Application is an aggregate of the objects that are specific to a simulation application.

These objects are Players, Events, and Event Predictors. This is the part of the model that will

change as an application changes.

4.3 Major Components of the Model

4.3.1 The Player Object. A Player object is an object that is being simulated by the

simulation. It can be stationary or mobile, simple or aggregate, positional or environmental. Based

on the type of object, the Player object may or may not have Events scheduled. Figure 6 shows

the object diagram for the Player object.

The Player object must have an object type, an objt ct id, and its current state time as

attributes so that it can be handled by the simulation. Other attributes that are required depend

on what type of object it is.

All Player objects are required to provide object creation and destruction methods and meth-

ods to access their attributes. They must also have the ability to save their state so that tlhe

simulation can be rolled back to a previous time and restore the state of the simulation at that

time. The Player object must also have methods that allow it to react to Events. For example, an

object that is involved in a collision should have a method called in-collision that gets passed all

of the information that the Player needs to handle the collision as it affects the Player. Necessary

information includes items such as the mass and velocity of the other object or the direction and

force of a collision vector that has hit the Player.

4.3.2 The Event Scheduler Object. The Event Scheduler object is an object-oriented rep-

resentation of the object that schedules the next event for a Player object. The Event Scheduler

determines the next Event for a Player object by first calling the Player to determine its next

internally scheduled event. Then the scheduler queries each Event Predictor object that is associ-

ated with the Player object to return what they predict as the next Event for the Player object.
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The Relationship Map is used to determine which Event Predictors to use. The Event Scheduler

determines the next Event by comparing the event times of the Events returned by the Player and

the Event Predictors. The Event with the earliest time is then scheduled on the simulation event

queue. It is possible that no Events are scheduled for an object as a result of this process. due to

the current state of the Player objects.

4-.3.8 The Predictor Object. A Predictor object is an object that predicts a specific type of

Event for a Player object. Some Predictors may predict Events for a group of closely related Event

types. The Predictor is queried by the Event Scheduler object to predict the next Event of the

Event, type that the Predictor is responsible for. The Predictor iterates through each of the Player

objects in the Player Container for the Partition containing the Player having an Event predicted.

The object type, or Player class, of each Player is compared against the Relationship Map to

determine if that Player can participate in the interaction that that Event Predictor predicts. If

the Player class is correct, the state of the Player is compared against the state of the Player having

an Event predicted to determine if and when an interaction Event will occur. The Event Predictor

returns to the scheduler the earliest time Event that it predicts.

4.3.4 The Event Object. The Event object is an object that represents an object inter-

action Event that has been predicted to occur in the future. The Event is created by a Predictor

object, then placed on the next event queue to wait for its time to execute. Two different types of

Events are simulation application Events and simulation support Events. Simulation application

Events represent actual Players or state changes of Players that have been predicted to occur.

Simulation support Events are used to initialize Player objects, maintain Player object copies, and

maintain execution of the simulation.

The Event object has attributes for the Event time, Event type, and references to the Players

that are involved in the Event. All Events must have an Ezecute-Event meth(,d that handles the

execution of the Event. Figure 7 shows the object diagram for the Event object.
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Figure 7. Object Diagram for the Event object
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4.3.5 The Partition Object. The Partition object is a spatial object that represents a

three-dimensional area of the simulation environment. Each Partition object is associated with a

Player Container object that consists of the set of Player objects that exist in that partition. The

Partition object has attributes defining the limits of each Partition and methods for accessing these

attributes.

4.3.6 The Player Container Object. The Player Container object is a container object

that contains a set of Player objects. Each Player Container object is associated with one Partition.

A single Player Container object contains all the simulation Player objects that are in a particular

simulation partition.

4.3.7 The Object Copy Manager. The Object Copy Manager handles the updating of

remote object copies by sending object updates to the LPs where remote object copies reside. This

is done by checking the Relationship Map object to find the appropriate partitions where the copies

are located and then again to find the LPs where the partitions are located.

4.3.8 The Relationship Map Object. The Relationship Map object is a group of integer to

set of integer maps that are used to map the relationships between objects. The maps can either

be static or dynamic and can be used to model any relationship between objects in the simulation

that can represent both items being mapped as integers. The modeler must set up a map and

have initialize it. The map can then be accessed and modified during the simulation. The basic

mappings that are required for operation of this model are listed below.

Player Class to Predictor Class This mapping maps each Player class to the set of Predictor

objects that it uses to predict the next Event for a Player from that class. This map is static

and identical on all of the LPs. Table 1 shows the relationship between Player classes and

Event Predictor classes.
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Predictor Class Aircraft Tank Truck Terrain
Collision Event X X X
Sensor Contact X X
Eater Sensor Range X X X
Boundary Event X X X
Route Event X X X
Ground Course Change ___1 _ X IX

Table 1. Example Mapping of Player Class to Predictor Class

Predictor Class Aircraft Tank Truck Terrain
Collision Event X X X X
Sensor Contact X X X
Enter Sensor Range X X X
Boundary Event
Route Event
Ground Course Change 11

Table 2. Example Mapping of Predictor Class to Player Class

Predictor Class to Player Class This mapping maps each Predictor class to the Player classes

to use from the Player Container object while predicting an Event. This map is static and

identical on all of the LPs. Table 2 shows the relationships between Event Predictor classes

and Player classes.

Player Copy to Partition This map keeps track of which partition a particular Player copy is

in. This mapping is used so that the actual Player copy doesn't need to know about partition

objects. This map is dynamic and changes as Player copies are created and deleted from

partitions.

Player to Partition of Owner Copy This map keeps track of which partition contains the

owner Player copy of a particular object. This map is dynamic and changes as a Player

moves between partitions. This map is identical on all LPs that contain a Player copy of the

object.
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Player Owner to Partitionm of Player Copies This map keeps track of the partitions that

contain a Player copy of an object, including the partition that contains the owner. This

map is dynamic and changes as the object moves and crosses partition boundaries. This map

exists only on the LP that contains the partition where the owner Player copy is located.

4.4 Operation of the Model

4.4.1 Event Handling.

4.4.1.1 Event Scheduling. The Event Scheduler object is used to determine the next

Event for a Player. The Event Scheduler object first queries the Player object to determine its own

next internal Event. Internal Events involve internal components that are not visible outside the

object. On receipt of the internal Event, the Event Scheduler queries the Event Predictor objects

that are applicable to the Player object. This relationship between the Player type and the Event

Predictor type is established and referenced by using the Relationship Map object to map the

Player object to the Event Predictor objects that schedule Events for it. Figure 8 shows the state

diagram for the scheduler object.

Sndiy -e_ e(play .tim,

[successl/add eveat

Figure 8. State Diagram for the Event Scheduler object

Each Event Predictor object in turn determines the next occurring Event for the Player

involved and returns this Event, or NULL if none is predicted, to the scheduler. The scheduler
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determines which of the Events has the lowest time and schedules this Event on the next event

queue. It is possible that no Events are scheduled for a Player after this sequence. Figure 9 shows

the state diagram for the Event Predictor object.

An example of this event scheduling process proceeds as follows. An Aircraft Player object

requires its next event to be scheduled. The Event Scheduler queries the Player's method for

determining its next internal event. The Player object determines its next internal interaction

event, which in this case is a Route Point Event at time 25. The Scheduler then queries each of the

Event Predictors that correspond with the Aircraft Player. The Collision Event Predictor predicts

that a Collision Event will occur at time 23. This event preempts the Route Point Event since it

will occur at Ytn earlier time. The Boundary Event Predictor predicts a Front End Object Event

will occur at time 29 to signify that the front of the Player has reached the edge of its current

Partition. This Event will be discarded since it will occur after the Collision Event. If there are no

mare Event Predictors to query, the Collision Event is scheduled oz, the next event queue.

S~predict__vent

start idle (player,time) fid)mmu

[success]/create.event

Figure 9. State Diagram for the Event Predictor object

4.4-1.2 Event Execution. When an Event is taken off the next event queue, its

execute-event method is executed. Each Event type has its own execute-event method. The exe-
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cute.event method handles all the object interaction that occurs as a result of the Event. Figure 10

shows the state diagram for an Event object.

An example of the execution of a Collision Event proceeds as follows. The Collision Event

is taken off the event queue and its execute.event method is executed. The Collision Event first

updates the states of the Player objects involved in the collision. Then it obtains the state of both

Players involved in the collision by using the attribute access methods of the Players. Then the

do.collision method is executed on each Player object. The do-collision method requires parameters

such as mass, speed, and directio:n of the other player so that it knows how to react to the collision.

Once the Player objects are mc.dified, control returns back to the Event. The copies of the Players

on remote partitions are sent updates by using the Object Copy Manager. Then already scheduled

Events on the event queue involving the modified Player objects must be rescheduled to guarantee

their validity now that the states of those Players has changed. Finally, the next events for the

modified Players are determined.

Event State Diagram
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Figure 10. State Diagram for the Event object
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4.4.2 Object Interaction.

4.4.2.1 External Interaction. Interaction between objects is handled by the Event

Predictor objects and the Events themselves. The erecute-evemt method passes pertinent informa-

tion between the Players involved and calls the appropriate methods in the Players to complete the

execution of the Event.

4.4.2.2 Internal Interaction. This model does not specifically address the internal

interaction of components of an aggregate object. The model considers such internal interaction

to be handled by the Player object itself. Internal Events will be predicted by the Player object

and will be executed by the Player when they occur. The exception to this rule is if the simulation

modeler chooses to make all the internal components of an object separate objects and have their

interaction handled by the system.

4.4.3 Object Management. All objects are maintained in the Player Container of the

Partition in which it resides. All objects maintain their own position and velocity information.

The map object is used to map relationships between objects. For example, the partitions must be

mapped to LPs, and the Players must be mapped to partitions.

4.4.4 Handling Parallelism. Parallelism is handled by using remote Player copies and

the relationship mapping system. A Player that is in more than one partition has a copy in each

partition that it is in. The position of these multiple partitions may result in a Player having copies

on more than one LP.

The Player copy that is in the partition that contains the center of the Player is called the

owner copy. All others are simply referred to here as Player copies. Each LP has its own event

queue, which is shared between all the partitions on that LP. To eliminate the possibility of duplicate

predicted events, each Player copy can only predict Events that wil'U occur in the partition that the
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Player copy resides in. The owner Player copy is responsible for predicting all internal Events and

all boundary crossing Events. This approach assumes that a Player copy will not be large enough

to reach entirely across two partitions in width.

Once an Event is predicted, it is scheduled on the next event queue on the logical processor

containing the partition in which it was predicted to take place. This is necessary because tile

affected Players reside on that processor, or the Event would have been predicted by the owner

processor.

The Event is executed in the partition in which it was predicted, and on completion. once

the Player position is updated, the Player sends Player updates to the owner copy, which updates

itself and sends Player copy updates to all its copies. This sending of Playcr updates keeps all the

Player copies up to date with the same data.

The other problem caused by parallelism is the problem of keeping Events occurring in the

correct sequence across all the processors. For exaniple, a Player update Event received front

another processor may cause a scheduled Event on the current processor to no longer be appropriate

due to a change in the state of the Player object. The solution to this problem is to verify Events

before executing them to make sure that they should still happen. This can be done by comparing

the states of the objects involved in the interaction and ensuring that conditions for the interaction

are met. An example of verifying a collision Event is to make sure that the two objects involved are

a minimum distance apart (zero or near-zero) at the time of the collision and are heading toward

each other. All update Events from other processors should occur as scheduled, since the Events

that caused them have already occurred on other p rs.
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4.5 Changing the Simulation

The simulation object interaction is designed uo that changing the s:inulation requires uin-

imu mdnlodification to the parts of the model. Modification to thl simulation involves adding or

modifying "layer and Event objects, as well as the Event Predictor objects that support the Events.

4.5.1 Adding Players. Adding a new simulation Player requires adding the new Player

subclass with the appropriate methods and modifying the appropriate Relationship Maps. If the

Player requires Events that are not already part of the simulation, the simulation must also pro-

vide the Event and Event Predictor objects that are required. If these objects already exist, the

Relationship Maps must be adjusted to map the new Player type to the correct Event Predictors

and map the Event predictors back to the Player.

4.5.2 Adding Events. Adding Events requires adding in the appropriate Event subclass

awld Event Predictors. Then the appropriate Relationship Maps must he adjusted to map Player

classes to Event Predictors and Event Predictor classes to Player Classes.

4.6 Design Decisions

This section discusses the design decisions that influenced the design of the simulation model,

as related to the discussion in the previous chal'ter. The issues of object representation, object

interaction, event handling, and parallelism were all an inportatit part of the model's design.

4.6.1 Objcct Representation. The representation of the objects in the simulation design

was influenced by object-oriented design and goals to make the simulation easy to modify. The

other goal was to attempt to handle all types of objects the same way in order to avoid complexity

of handling multiple types of objects.
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4.6.1.1 Simulation Object Representaiion. In order to keep the simulation easy

to modify, all simulation objects are designed so that. they can be landled the samne way by the

main simulation. Therefore, a Player Container object for simulation objects is capable of handling

any type of simulation object. To achieve this, a single simulation object class is created that

encompasses all simulation objects. All objeats in this class nuist have methods to allow other

objects to access and change their states.

4.6.1.2 Aggregate Object Representation. Aggregate objects are represented as

objects that are closely coupled or as single objects that control their internal interactions. Corn-

ponents of aggregate objects can be implemented as regular simulation objects. In this case, they

can be represented just like any other simulation object, except that there are only certain other

objects that they can interact with. The advantage of this design is that it allows for a simpler

model by allowing all object communication to be handled the same. Treating internal component

objects as a "special" case would cequire more complicated handling of their conimunicstion.

This simulation design also supports aggregate objects that fully control the interaction of

their components. These objects miust predict their own internally scheduled Events. The advan-

tage of this approach is that all internal component interaction is handled by the object instead of

requiring the simulation system to be omore complicated. No real design decision was iuade here

since the model supports both methods of implementing aggregate objects and leaves the choice of

implementation tip to the modeler.

4.6.1.3 Environment Object Representation. Environment objects %re represented

like any other object, as part of the Player object class. This allows them to interact with other

objects using the sanie imethod of interaction used by the simulation objects. The problem of

how to partition an environment object ainong simulation partitions is independent of their basic

representation. Partitioning decisions determine whether each LP has a whole or partial copy of
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an environmental object. Regardless of the choice, the basic representation of the object and its

interface methods to the rest of the simulation are identical.

4.6.2 Object Interaction.

4.6.2.1 Object Visibility and Independence . In this model, simulation objects do not

have visibility to other objects in the simulation. However, the Event objects and Event Predictor

objects do have visibility to all of the simulatmon objects, since they are the objects that control

the simulation. This decision was made to allow for easier updating of the sinmulation when objects

are added and deleted.

4.6.2.2 Simulation Object Interaction. Interaction between simulation objects is

taken care of indirectly by the use of Evenit Predictors and Events. The Event Predictors determine

wheliher two simulation objects will interact. This is done by comparing the states of all objects

that qualify for a particular type of interaction to sce if an interaction will occur. Actual operation

of this process is discussed in Section 4.4. Actual object interaction is handled by the execution of

Events. The Evei'ts handle all callh to the objects that are involven in the interaction.

4.6.2.3 Aggregate Object Imeraction This design sapports aggregate object inter-

action of two different types. Either an object can fully control interaction between its components

and schedule these Events on the next event quee, or each of the comiponenLs c-n be represented

as a Player object and directly interact with Events and Event Predictors.

4.6.2.4 Environment Object Interaction. All interactio~i between the environment

and other simulation objects are handled by Even's and Event Predictors. The benefit of this ap-

proach is that the Players do not, need to know about the environment objects and the environment

objects do not need visibility of the Player objects. Their design is therefore independent.
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4.6.3 Object Management. The objects in this model manage their own positions in the

simulation. The objects themselves are managed by the use of a container object that maintains

a pointer to all objects in a given set. The advantage of allowing objects to maintain their own

simulation position instead of using a spatial manager is that it minimizes duplication of data in

the simulation and minimizes updates that must be made when data is exchanged between LPs.

4.6.4 Event Handling. Event handling in this model is based on the use of discrete-event

simulation. The next event for each object must be predicted and scheduled on the event queue.

Execution of Events occurs when an Event is removed from the top of the next event queue.

4.6.4.1 Event Prediction. Event prediction is done by a separate entity known

as the Event Predictor object. Since simulation -bjects do not have visibility of other objects,

the predictor object must have visibility of all of the objects that it can predict Events for. The

Predictor's associations with object clauses are mapped by the Relationship Map object. This design

allows all interaction of objects to be handled external to the simulation objects, decreasing the

visibility requirements of the objects. Additionally, all references to specific Events are encapsulated

in the Event Predictors that predict those events. This minimizes the complexity of changes when

the application must be modified.

For aggregate objects that have internal components that are not recognized as regular ob-

jects, prediction of Events representing interaction internal to the simulation object is performed

by the object itself. This minimizes complications to the Event handling system and allows an

object to be completely encapsulated.

4.6.4.2 Event Execution. Event execution is performed when an Event is removed

from the top of the event queue. The execute.event method of the Event object is executed and

handles all irteraction between the objects. This allows objects to be independent of each other,

but requires the Events to have visibility of the objects that it affects.
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4.6.5 Parallelism.

4.6.5.1 Logical Processor Synchronization. LPs are synchronized by using the con-

servative approach cf requiring each LP to wait until its input channels are all at a time greater

than or equal to the time of the next event queue before allowing another Event to be removed

from the next event queue. This design is influenced for this model by the availability of Spectrum,

which provides this support.

"4.6.5.2 Simulation Object Synchronization. Simulation objects are copied onto all

of the LPs that they exist on. Only one of the copies is the main object, and it controls the updates

of the copies. This approach was taken to minimize communication between logical processors

during Event prediction.

Every object copy performs an Event prediction and schedules its next event on the event

queue of the LP that it is on. The Event is also executed at that same LP since the Event may

involve updating other objects that are also on that LP. After the Event is completed, each object

copy that was modified needs to update its other copies. If the copy is the main copy, it sends

updates to all of its copies. If the updated copy was not the main copy, it sends an update to

its main copy, which in turn sends updates to each of its copies. The advantage of this design is

that only the main object copy is required to maintain visibility of all the copies., while each of the

copies must have visibility to their main copy.

4.6.5.3 Simulation Partitioning. This model partitions the simulation spatially. The

design minimizes the communication between processors and also limits the search space during

Event prediction. This decision was made based on the fact that most of the communication

between objects in this type of simulation is interaction with other objects located in the vicinity of

the object. Also. this method was already being used in Battlesim and had been used successfully.
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4.7 Conclusion

This chapter discussed the design of the simulation model and why certain design decisions

were made. Chapter V discusses the actual implementation of the model into Battlesim.
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V. Implementation

5.1 Introduction

The Battlesim program developed in the AFIT parallel processing laboratory is used to

implement this model. This section discusses the selection of the programming language, the

requirements for implementation, and the resulting simulation model.

5.1.1 Programming Language. The Battlesim program is written using the C program-

ming language, and that is the programming language selected for this implementation. Analysis

during the early stages of this research determined that there was not a C++ compiler available

for the Hypercube to use C++ to supplement the current code with object support. Also, the

use of Ada would require all of the Battlesim program, including the simulation support provided

by TCHSIM and the parallel communication support provided by SPECTRUM to be rewritten in

Ada.

The C programming :anguage is not an object-oriented language, but can produce code that

supports object-oriented principles. There are several methods to support object-oriented method-

ologies in C. Matsche presents an approach that implements object attributes within a record

structure, class inheritance through the use of #define statements to define each record structure

that is reused in subclasses, and polymorphism through the use of function pointers to methods

within the object record structure (16)- The biggest concern here is support of polymorphism,

to allow the same methoa calls to be reused on different types of objects. Matsche recommends

using pointers to functions as attributes to each ob.ect so that the method can be found directly

by using the player pointer. Unfortunately, the method of using function pointers to methods as

attributes of each object does not work when objects are transferred to other processes in a parallel

simulation. The memory pointers will not be accurate on the new processor.
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5.2 New Battlesim Requirements

The first new requirement for Battlesim was to overcome the following limitations of the

original system:

"* The system must be able to handle different types of simulation players and event types,

either in the same simulation or to be interchanged to be used in a different simulation with

the same simulation support system.

* The interchange of player types and event types must require minimum modification to the

simulation support system.

"* The simulation must be made more object-oriented.

"* The system must be made to execute in parallel.

An additional requirement is to allow the simulation model to support environmental ob-

jects. such a~s terrain and weather, again without causing significant modification to the existing

simulation model.

5.3 Battlesim Implementation

The simulation model was able to be mapped to Battlesim with a minimal amount of changes

to the model. However, extensive modifications to the Battlesim code were necessary in order

to implement the new object-oriented structure and the new method of scheduling and handling

events. Figures 11 and 12 show the object diagram for the new Battlesim model.

5.4 Player Implementation

The player object was implemented differently in the Battlesim implementation because C

does not support object-oriented classes easily and the design was altered to simplify the addition

of simulation objects to the simulation model. Figure 13 shows the object model for the simulation
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implementation of thre player. The main Player class contains the object type, id. time. position.

velocity, orientation, size, mass, and polygon list that are con "on to almost any moving object.

The subclass for any particular object contains attributes and methods that are specific to the

object being simulated. Very simple objects may not need a subclass for their implementation.

Polymorphism is supported by havving the player pointer being passed as a parameter in all

method calls. For any methods that must be used for more than one player object type, the player

object determines which method to use by checking the object type. Each object subclass type

must have a differently named method which gets called by the player. Typical miethods that

are polymorphic are calls for creation, destruction, copying, packing and unpacking objects. File

m ethods.c is the Player's polymorphic method call resolver, which checks the object's type and uses

a case statement to call the correct subclass method.

5.5 Event Imnplementation

Events in the Battlesim program are implemented uhsing the event.c file to represent Event

object structure and the epevent.c file for the execute-.event method. The eareent.c file contains a

primary ezecut~ez'ent method which uses a switch (or case) statement to select between the event

specific execute- event methods.

5.6 Event Scheduler implementation.

The Event Sheduler object is implemented in file scheduleic. The only fnction in this file

is deaineteeldtento which makes calls to the Player object's internal event prediction method, to thc

relationship iap object, and to the event Predictor Objects. This object has no attributes and is

imcplenmented exactly as modelled in the design.
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5.7 Event Predictor Implementation

The Event Predictor object is implemented in file predict.c. The only externally visible

function in this file is predict-event. This function's parameters are a pointer to a player an(l an)

event predictor type. Based on the predictor type, this function will call the appropriate Predictor

Object. This object has no attributes and is implemented exactly as modelled in the design.

5.8 Player Container Implementation

The Player Container object is implemented in file playerset.c and is modeled as a Playerset

object. The Playerset Object uses a linked list to keep tiack of the objects that it contains. This

file was not changed for this new implementation.

5.9 Partition Implementation

The Partition Object is implemented in file sector.c and is represented by a Sector object.

Each Sector Object has minimum and maximum X, Y, and Z values that define the area represented

by the Sector. Each Sector also has an associated Playerset Object. Minor modifications were made

to this file to make it more object oriented.

5.10 Relationship Map Implementation

The Relationship Map object is implemented in file map.e. It provides calls that build and

modify maps. All of the calls use from none to all of the following parameters:

Map Name The name of the map to be modified.

Map From The item that is being mapped from.

Map To The item that is being mapped to.
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The following list shows the maps that are implemented for a basic simulation. Simulation

modelers can add other map types that are needed for other applications.

PLAYERPTR_TOSECTORID Maps a player object to the sector that it is in.

PLAYERJIDTOOWNER-SECTORID Maps a player ID to the sector that its owner is in.

This is used for updating player copies.

OWNERID.TOCOPIESSECTORID Maps the owner copy of a player to the sectors where

its copies are located. Used for updating player copies.

PLAYERCLASSTOPREDICTORCLASS Maps each player class to the predictor classes

that predict its events. Used by the Scheduler object to determine which predictors to use

when scheduling an event for an object.

PREDICTORCLASS.-TOYPLAYERCLASS Maps each predictor class to the player classes

that must be used for predicting a specific type of event. Used by the Event Predictors to

selectively evaluate player objects from the Playerset.

5.11 Object Copy Manager Implementaahon

The Object. Copy Manager object is implemented in file obhjmgr.c. The only externally visible

function call is send-Pcopy-updates. The only parameter for this function is a pointer to the player

that has been updated. The function uses the Relationship map to find the location of the other

player copies, creates an Update-Player event, and calls send-event in file interfaref.c which makes

a SPECTRUM call to send the event to another LP.

5.12 Test Cases

The implemented model was tested againat several test cases. The first test was to ensure

that a single object could travel throughout the battlefield across multiple sectors. The battlefield
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was modeled as 8 sectors on 1 LP. This test worked fine with the Player object properly executing

all of its boundary crossing events and properly updating its copies as its state chailged.

The second test involved testing a singl, object crossing sectors on a simulation mapped onto

multiple LPs. The model used was a mapping of 8 Sectors onto 2 LPs. Once again, the simulation

worked well.

The third and final set. of tests used 10 objects in a siinulatioi. mapping 8 Sector:4 onto 2 LPs.

This test was also a success as it allowed interaction between the sinnulation objects. Collisions

were properly predicted and executed between objects.

5.13 Conclusion

This chapter discussed the implementation of the simulation model into Battlesim. Chap-

ter VI discusses the results and conclusions of the research and recommendations for future research.
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VI. Results, Conclusion, and Research Recommendations

6.1 Introduction

This final chapter discusses tile results of the research, conclusions reached, and recommen-

dations for further research.

6.2 Results:

6.2.1 The Simulation Model Tile resulting object-orieuted simulation model proved to

be effective when implemented into the Battlesini program. The model effectively allowed multiple

player types to be sinmulated within the same simulation system. Also, different object types were

allowed to utilize different event types, without interfering with the design of other objects in the

sinmulation. The model also is able to support environment objects such as terrain or weather,

although these types of objects have not yet been tested.

6.2.2 Battlesim Program Modification. The implementation of the object-oriented sini-

ulation model into Battlesirn was a major programming effort. Much of the original simulation

model had to be reprogrammed to support object-oriented standards and to support the new event

scheduling technique.

One of the lessons experienced from this research came from implementing an object-oriented

design using a non-object oriented programming language. There was much extra programming

required to implement sonic of the object-oriented constructs that would not have been required

had an object-oriented language been used.

The results were effective in transforming Battlesini into a much itmore flexible simulation

program. Altlhough substantial program changes were required to he made to Battlesim to imple-

ment the model, the new simulation model provided a method of adding new object types to the

simulation with only mninor adjustments to the simulation.
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The plew evenit scheduilinig system allows object..i t~o schedule internal interaction event~s. This

allows aggregate, objects to schediule events oil the event. queue. for their comiponent Al ct.-. Th

new event. scheduling system also allows player object. cla-sses to each be. assignied a certain -;et

of event. types tlir~t apply to objects in thi class TI'is new~ miltlU)(l of p)rf(lci(t~iilg events5 lin tile

HleW miodel mlade tile Bat. lesilin software miore efficient by causing the prograki t.o only ulse event

prediict~ors that were app~licable to the object that. w&-,. being predicted.

Thc relationship map provides a mapping for any object. to any other object. Thel( map is

(dynlamically modifiable (luring prograni execution andl allows objectb to lie implemlenltedl without

pointers to other objects. The map) allows moudifications for different miappings so that tile simiula-

tion miodeler canl aold othier maps that need to bc represenitedl in thle system

6.3V Conclusions

The result-ing simuluationl model is vcry effective for .-M object-orinnted djsvrcte vvent sim-

ullation. The inodel allows flex~bihity for miultiple types of objects and object interactions and

commiunication between object copi--Žs )ii different LPs. Tile mlodlel also provides tile caplabl~ity t~o

casily modify thle simiulaticu for other applications.

The technique of providing anl Event Scheduler, Event Predictors, and allowing events to

execute themnselves proved to be a promising method of dlesigning a miodlifiable object-orieimted

dliscrete evenit. siimiulation. The model provedl to suiccessfully model the initeractioni betweenl simtple

objects. Since tile Immodel Was designed to allow environmental objects to lie modelled time samie as

Siiiiple objects, tile Model also provides aii effective approach to miodelliing tile inlteraction of simple

objects with environnient objects. This ability was not. tested, but. call be shiowni by imiplenient ing

terrainl represenitedl as a suimple object and initeractinig with other objects through time use of Evenit

Predictors anid Eveint objects just like those used for siniple objects.
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Aggregate objects can also be represented with the model. The components of an. aggiegate

object can either be implemented as simple objects that are tightly coupled to other components

or the aggregate can be modeled as a single object which maintains its component objects and

handles the interaction between them.

The simulation model is a valid approach to parallel discrete event simulation. The model

maintains communication between LPs and the updates between multiple object copies. One of

the problems encountered in the implementation of the model was how to ensure valid events on

the event queue for a particular ob'ect when events are received from object copies on other UPs.

This problem is common to any model of parallel discrete event simulation that predicts the next

event for each object individually instead of p' edicti ag the next event for any object. This latter

method allows only one event to be predicted -t a time and does not need a qieue.

Although the model proved to be successful, implementing the design in a non-object-oriented

language proved to be a very complicated undertaking. I do -eco)nmeud the design technique, but

only if it is to be implemented in an object-orient -d langpage. The object-oriented principles of

inheritan.ce and polymorphism cannct be eat-ily ,eproducel in a non-object oriented programming

'anguage without a complicated im:Aementation.

This study in object oriented simulation ;s a good bais for understanding the problems

involved in designing and implementing an object oriented paldllel discrete event simulation, and

provides a valid simulation model that hllppo-ts interaction betwc.en all types of objects. 3-MASS

can usc thic document as a reference for ide!,tifying problems in designing a simulation model and

use the designed model as an example simulation model design.
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6.4 Research Recommendations

There is still much work that can be accomplished in the topic of this thesis. The following

lists of items are recommendations for further research in the topic and support of the Battlesim

program.

6.4.1 Further Research.

"* Investigate the effects of load balancing of a partitioned simulation by modifying the parti-

tion structure if the processing load of one of the processors is bearing a significantly larger

processing load than the other partitions.

"* Investigate fuirther the handling of aggregate objects. Determine if it is better for component

objects to be hidden from the simulation and handled by the player or for the simulation to

directly handle communication between the component objects.

"* Further study the implementation of environment objects. Many types of environment objectb

can be partitioned for use in a partitioned simulation, but may not be valid if a simulation

uses dynamically changing partitions.

"* Further study the best method to keep parallel discrete event simulations synchronized when

duplicate objects on multiple LPs must keep each other state updated. The problem to be

studied involves choosing between taking invalid events off the event queue or verifying each

event when it is removed from the queue by ensuring that the current state of the objects

allows the event to occur.

6.4.2 Battlesim Updates.

"* Implement Battlesim using an object-oriented language. This would allow better use of object

classes and polymorphism.
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"* Modify the sector to LP mapping which uses tchmap.c to use the new map system in map.c

to provide more consistency to the code.

"* Change the object update event to send partial updates instead of entire player copies. This

would lower the communication between processors during object updates.

"* Make the Battlesim subclass more object-oriented by taking the armaments, defenses, target

lists, and sensors out and making them into separate objects like the route.

"* Add an acceleration model into the player objects. The objects currently change velocity

instantly.

"* Modify the use of scenario files to be able to load a single scenario file instead of one for each

section. This would require a function to place an object into the correct sector(s) based

oil its location and to be able to send the object to the otber LPs if necessary. This would

simplify the process of generating scenarios.

"* Modify Spectrum to use float times for LP channel updates instead of integer times. Battlesim

events occur at float times and synchronization between partitions may not be accurate when

objects are migrating to other processors.
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Appendix A. Model Data Dictionary

A.1 General Model

A.1.1 General Model Objects.

Application - The Application is the part of the simulation model that contains the objects being

simulated, the event predictors that predict object interactions, and the events that support

the interactions.

Application Support System - The Application Support System provides support for a siinula-

tion application. The support objects include the Event Scheduler, the Object Copy Manager,

the Object Relationship Map, and simulation support events.

Event Object - An Event object signifies the occurrence of an object interaction or the change

of state of an object. Events can be of two different types: application events and simulation

support events. Application events signify object interaction or change of an object's state and

are created by an event predictor. Simulation support events are created by the simulation in

order to carry out a particular action at a particular point in time. Events maintain pointers

to the objects that they affect and have an event type that determines what actions are taken

when their execute.event function is called.

Event Predictor Object - An Event Predictor computes the next occurrence of a specific event

type for a given Player object.

Event Scheduler Object - The Event Scheduler determines the next event for a given Player

object by consulting all of the Event Predictors that correspond to that Player object.

Object Copy Manager Object - An Object Copy Manager manages the update of object copies

by determining the location of the copies and sending Update.-Player-_Copy events to the

appropriate LP's.
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Object Relationship Map Object - An Object Relationship Map maintains the mapping of

relationships between objects since the simulation objects in this model do not have visibility

of other simulation objects.

Partition Object - Ar, Partition Object is a 3-dimensional partition of the simulation environ-

ment.

Player Container Object - A Player Container object is a container object that consists of a

list of objects. For this model, a Player Container Object is associated with each Partition

Object and contains a list of all of the objects located in that simulation partition.

Simulation LP - A Simulation LP is a logical process of the simulation. Each Simulation LP

consists of both Simulation Support and Application Support.

Simulation Support System - The Simulation Support System in this model supports an ap-

plication using Parallel Discrete Event Simulation. The support system implements discrete

event simulation support by providing a simulation clock and a next event queue. Parallelism

is supported by providing an interface that makes parallelism invisible to the application.

A.2 Battlesim Model

a Event Predictor Objects

Boundary Crossing - The Boundary Crossing Event Predictor predicts events for Player

Objects crossing the edges of sectors. This event predictor only applies to moving Player

objects in the simulation. The Events predicted are Front End Object, Center of Object,

and Back End Object.

Collision - The Collision Event Predictor predicts collisions for certain Player Objects with

other Player objects. The predictor is only used by Mobile Player Objects that have

the capability to collide with other objects. The event predicted is Collision Distance

Reached.
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Enter Sensor Range - The Enter Sensor Range Event Predictor predicts when a mobile

Player Object moves into the sensor range of another player object that has a sensor.

The event predicted is Entered Sensor Range.

Sensor Contact - The Sensor Contact Event Predictor predicts when a Player Object that

has a sensor will !.ave another player object move into its sensor range. The event

predicted is Made Sensor Contact.

* Event Objects

Back End Object - The Back End Object event indicates that the back end of an object

has left a sector. The player will be removed from that sector and all appropriate object

relationship maps will be modified to eliminate a reference to that sector as the location

of a player copy.

Center of Object - The Center of Object event indicates that the center of an object has

moved to a new sector. The Relationship Maps must be updated to reflect that the

owner player has moved to a new sector and the mapping to player copies must be made

available on the LP where the owner player is now located.

Collision Distance Reached - This event indicates that a two player objects have collided.

The event exchanges information between the players to indicate the speed and mass of

the object they have collided with and the players respond accordingly.

Entered Sensor Range - This event indicates that a player object has entered the sensor

range or another player. The event notifies the player through a method and the player

responds accordingly.

Front End Object - The Front End Object event indicates that the front end of an object

has just entered a new sector. A copy of the player must be created in the new sector

and all appropriate object relationship maps will be modified to indicate the l.layer now

has a player copy in that sector.
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Made Sensor Contact - The Made Sensor Contact Event indicates that a player's sensors

have made a contact. The event will indicate the contact to the player by calling a

method in the player which will respond accordingly.

Reached Tnrnpoint - The Reached Turnpoint Event indicates that a player has reached

one of its turnpoints. The event will call a method in the player which will handle this

event.

Remove Player Copy • The Remove Player Event indicates that a player copy is no longer

in a given simulation sector and that it must be removed. This may occur as the result

of a player leaving a sector or a player being destroyed.

Start Player Copy - The Start Player Event indicates that a player needs to have its next

event calculated. This Event is mainly used only at he beginning of the simulation to

calculate the first event for each of the p!ayer objects.

Update Player Copy -This event indicates that the playei copy must be updated using

the player copy attached to the event. If the player does nlot exist in this sector, then it

must be created.

* Player Objects

FI1 - This player is a mobile player that flies throughout the simulation environment, from

routepoint to routepoint, reacting to other objects that it encounters.

MIG - This player is a mobile player that flies throughout the simulation environment, from

routepoint to routepoint, reacting to other objects that it encounters.

MISSILE - This player is a mobile player that flies throughout the simulation environment,

from routepoint to routepoint, reacting to other objccts that it encounters.

TANK - This is a mobile player that moves along the terrain in the simulation, from route-

point to routepoint, reacting to the terrain and other objects it encounter.
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TERRAIN - This objtct is a stationary environmental object that exists throughout the

simulation. In this model, the terrair does not change.

* Other Simulation Objects

Mvlap - The Object Relationship Map for Battlesim. Keeps track of associations between

objects.

Object Manager - The Object Copy Manager for Battlesim. Manages updates of player

copies by determining what LP object copies are on and sending Update-Player._Copy

events to those LP's.

Playerset - The playerset is a Player Container Object and contains all the Player Objects

in a given Sector.

Sector - The sector is a Partition Object and represents a partition of the Battlesim simu-

lation envirwoiment.
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Appendix B. Detailed Player Object Attribute Descriptions

This appendix describes the updated Player Object in BATTLESIM by defining the attributes

of the Player object their purpose. The first section describes the attributes of the Player Class.

which is the generic player structure used for all simulntion players in this model. The second

section describes the attributes of the the Battlesim Player Subclass.

Note that if an attribute is not actively used in BATTLESIM, then it is marked as such; these

attributes remain to support future improvements in simulation fidelity.

B.1 Player Class Attributes

This section describes the attributes of the Player Class.

"* Object Type - identifies what kind of icon is associated with a player when the scenario's

output file is displayed by the graphics display driver.

"* Object Identifier - unique among "owned" players; however, player-copies of an owned

player will share the same object identifier.

"* Current Time - current simulation time of the player

"* Location - three values indicating the position of the player on the battlefield in x,y.and z

coordinates.

"* Velocity - three values indicating the player's x,y, and z velocity vectors.

"* Orientation - yaw, pitch and roll of player (roll not used in current version).

"* Rotation - rates of changes about the x, y, and z axis'. These values are not used by the

current version.

"* Player Size - attribute indicating the radius of the player in the same units that are used

to specify position. This is used to make collision detection more realistic.
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"* Player Mass - attribute indicating tile mass of tile player. This is used to inake collision

response more realistic.

B.2 Battlesim Player Subclass Attributes

This section describes the attributes of the Battlesim Player Subclass.

"* Object Loyalty - a number indicating which objects are friends and which are foes. Objects

with the same number are friends, and will not attack each other. Objects with different

numbers are foes, and may attack one another.

"* Fuel Status - value indicates how much fuel the player has left. Not used in the current

version.

"* Condition - value indicating how badly damaged a player is. Not used in the current version,

since an object is alway either fully operational or completely destroyed.

"* Vulnerability - specifies how strong a destructive force is required to destroy the player.

Not used in the current version.

"* Operator - two values indicating the experience and threat knowledge of the operator of the

player object. Not used in the current version.

"* Performance - four characteristics of the player not used in the current version. These

characteristics include:

I. max speed

2. minimniu turn radius

3. average fuel consumption rate

4. max climb rate

"* Route Data - a pointer to the route list.
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" Sensors - a pointer to the linked list of the sensors owned by a player. The characteristics

of a sensor include:

1. sensor type (not ust'I by current version)

2. sensor range

3. sensor resolution (not used by current version)

"* Armaments - a poiunter to the linked list of the armaments owned by a player. The charac-

teristics of an armament include:

1. type (used by missiles only)

2. range (not. used by current version)

3. lethality (not used by currunt version)

4. accuracy (not used by current version)

5. speed (not used by current version)

6. count (not used by current version)

"* Defensive Systems - a pointer to the linked list of the defensive systems owned by a player.

It is not used by the current version. The characteristics of a defensive system include:

1. type

2. range

3. effectiveness

e Target List - a pointer to the linked list of targets for the player. The characteristics of a

target list include:

1. type

2. location (not used by current version)
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(Oikdy niecessary if the gubclass has its owti data structure.)
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read-.subclass Read hin data from the scenario tile to the subclasVs stru( ture. (Only niecessary if

the subtclass hiam its own dat~a structutre.)

list-subclass uists the data in the subclass dlata structure. (Only necessary if the subclass hasi it~s

own data st~ructume)

pack-subclass Packs the dlata of thle sub)Ca-sm data strutctutre into newly allocated contiguous

miemiory andl returns a pointer to the nwniory. (Only necessary if the. subclass has its own

dlata struicture.)

unpack-.subclass Unpacks data from contiguious memiory into a subclass data structure and re-

turns a pointer to the s4tructure. (Only tiecessary if the subclass has its own data structure.)

subclass packsize Determines the mnemory required to p~ack a suibclass data structure. (Only

necessary if tile subclass has its own data structure.)

det-.subc ass -internal-event Determines tile next internal event, for the particular Player sub-

c-lass For example, the Battlesimn Player uses this to predict route events. (Only netcessary if

thle sulbclas schledules events.)

C.2 Adding Neu,' Events

Addinig n,-w Events to the simulation requiires modifications to the following files:

ex-event.c The proper "'exec ute-cve lt" method miust be added to this file and the polyniorphic

exiecute-eilent method must be updated to handle it.

ex-everit.h The new Event type miust be assigned a ntnneric designator.

predict.c Tlhe proper "predlict-event" imust be added to this file and the method predict-et'ent

must be updated.

predict.h The new Event Predictor typ~e must be assigned a numeric designator.
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init-maps.c This file must be changed to associate each Player class to the Event Predictor classes

that. it is associated with and associate each Event Predictor to the Player classes that. are in

its search space.

C. 3 Ea:ample Implementation of a Pool Ball Simulation

This example will describe how the simulation can be mxade to simulate a set of 1)ool balls

bouncing arotuid a pool table. The balls are able to bounce off of each other, as well as tILC sides

of the pool table. The pool table will be partitioned just. as the battlefield was. Each Sector object

will therefore represent a different portion of the pool table. Figure 14 shows an example Pool Ball

simulation.

Figure 14. Example Pool Ball simulation.

C.Y.1 Description of the Neu, Objects. The objects involved in the pool ball simulation are

pool balls and~ the pool table. The only Events required for this simulation, besides the simulation

maintenance Events, are Boundary Crossing Events and Collisioal Events
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C.3.1.1 The Pool Balls. The pool balls will be modeled as spheres with a certain

size and mass. The attributes for the pool balls can be implemented using the standard simulation

class provided in file player.c. Each ball can be represented using the size and mass fields in the

Player structure which are entercd as part of the scenario file. No polygons are necessary for

collision detection since these are regular shaped objects.

C...1.2 The Pool Table. In the simplest model, the pool table can be implemented

as a set of planes. Since the balls do not react to gravity, the bottom plane of the table does not

need to be modeled. What does need to be represented is the sides of the pool table, because tile

pool balls must interact with them as a Collision Event and bounce off of them. The easiest way

to do this is to represent each of the sides of the pool table using a plane equation, providing A, B,

C, and D for the equation Ax + By + Cz + D = 0. Since the sides of the pool table are square with

the Cartesian coordinate system, this will result in the four sides being represented as (1,0,0,-L),

(1,0,0,-R), (0,1,0,-F), and (0,1,0,-B), where L, R, T, and B stand for left, right, front, and back.

The representation of each side must exist in the scenario file once for each Sector that the side

must reside in. Each of the sides must have an X, Y, Z location in the main player class that is set

to a value within the range of the Sector it resides in. Otherwise, it will not be represented in the

correct sector.

C.3.2 Adding the New Objects. This section will step through the actions required to

implement the new objects. Each file to be modified is listed, as well as the changes that must be

made.

player.h This file contains the assignments of numeric values to Player types. It must be modified

so there can be a numeric representation of a Pool Ball object and a Pool Table Side object.

Example addition to the file:

#define POOLBALL 6
#define POOLTABLESIDE 7
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subclass.c and subclass.h The Pool Ball object requires a subclass file that contains a method

that handles its reaction to a collision, but does not require a subclass data structure since

all of the necessary attributes are available in the general Player object class. The collision

handling method must be able to take in the parameters that describe the impact and change

the state of the Pool Ball as a result of the impact.

The Pool Table Side object requires a subclass file that contains its attribute data structure.

This subclass does not need interaction methods. Since it has a data structure it must have

the required methods to handle the data structure. These include versions of the following

methods:

"* new.subclass()

"* free.subclass()

"* read-subclass()

"* list.subclass(

"* pack-subclass()

"* unpack.subclass()

"* subclass-packsize()

"* pack-subclass()

These methods must be given names that are unique in the simulation. An example would be

new.PTaMeSide-subclass. Even though the Pool Table Side object will not be moving between

partitions, the pack and unpack functions are still required. This requirement is needed to

support the simulation's capability to save its state and return to an earlier simulation time.

All object structures must be able to be packed.

methods.c The methods in this file must be updated to be able to handle calls to polymorphic

methods in the new Pool Ball and Pool Table Side subclasses. The collision handling method
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in the Pool Ball subclass must be added in the ixecuteocollision method. The Pool Table Side

does not need to have an entry in the Execute-_Collision method as long as the default ertry

performs no action. Additionally. all of the Pool Table Side object's subclass data structure

handing methods must be added.

init-maps.c If only one Event Predictor object is used to model both Ball-Ball collisions and

Ball-Side collisions, then this file must be changed to associate the Pool Ball Player type

with the Boundary Event and Collision Event Predictors. Also, the Collision Event Predictor

must be associated with both the Pool Ball Class and the Pool Table Side Class. This is so

the Predictor will evaluate the state of objects of both of these Player classes when checking

for collisions. It may be desirable to implement the Event Predictors for the two types of

collisions separately. In this case, there would be a separate Event Predictor of Ball-Ball and

Ball-Side collisions.

scenario files Since the Pool Table Side object requircs an additional data structure for its sub-

class, the modeler must design an input format for the subclass and a method for reading it

in. The best way to do this is to use a one-line format immediately after the line used for the

main Player object.

C.3.3 Addition of the New Events. Assuming the Boundary Events and the Collision

Events already exist, no new events are required. The Event Predictor for the Collision Events

must be modified to handle Ball-Side collisions. It may be easier to develop a separate Event

Predictor for each type of predictor. The following modifications must be made for implementation

of the Events and Event Predictors of the Pool Ball Simulation;

ex-event.c and ex-event.h Since no new Events are introduced, these two files do not require

changes.
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predict.c The det-colhiionr&event must be modified to handle two different types of collision. The

first method involves predicting the collision of two spheres while the second involves predict-

ing the collision between a sphere and a plane.

predict.h Since no new Event Predictors are needed, this file does not require changes.

inlt..maps.c This file must be changed to associate the Collision Event Predictor class with the

Pool Ball class and the Pool Table Side class.
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Appendix D. The May Object

D.1 Introduction

This appendix describes the Map Object that was created d'iring this thesis. The Map Object

contains mappings of an i,,teger to a set of integers. The Map Object uses the linked list support

in It.e to create linked lists. File map.h is used to define the maps that are used.

D.2 Map Structure

The data structure for the Relationship Map object consists of an array of pointers to maps.

Each map consists of a linked list of items that are mapped from. Each of the items that are mapped

from consist of linked list of items that they are mapped to. All linked lists are implemented using

the linked list facility in file ll.c. Each linked list consists of headers that point to list nodes. Each

list node is a lisL placeholder that has a pointer to a data element and to the next list element if

one exists. Set Figure 15 for a pictorial represeutiatiou of the itiap system.

The following code displays the structures used in the Relationship Map object:

static void *map[EAXJMAP._TYPE + 1];

typedef struct {
int mapfromoid;
void *mapping-ll;
void *last.read.mapto;

I mapfrom-type;

typedef int mapto.type;

D.3 Methods

D.S.1 Public Method,. The following methods are public and available external to the

map.c file. They are made available through the use of file map.!..

newMaps Initializes all the Maps by creating the list headers for each one.
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MapiD0 1 2 3 i ii4 i i
L•st

Header

mapping.List

ge Jrs..apinguGet 1.The firtmapping fore anpsntegerion af map. Reltirnshaninteger

get etMapping Gets th nx mapping for anpriua integer in a mprtcuar map. NOTE Tintrs accioe

awere made toger the map.et ito egaer .

maapping.s

wer made 15. The daa. setrucn nituegrepr.iet fteRltosi a

is.eMapped Determines whether a mapping exists in a particular map. Returns TRUE or FALSE.

delsMapping Removes a particular mapping from a map. "aa g
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del-object._Mappings Removes all of the mappings for a particular integer in a map.

show-all-Maps Shows the contents of all maps.

pack-Mapping Packs a single mapping and returns a pointer to the packed mapping.

get packedMapping-size Gets the size of a packed mapping.

unpack-Mapping Unpacks a mapping and puts it in the map on the current LP. The packed

mapping is freed.

show -packed..Mapping Show the contents of a packed mapping

pack-lvapset Pack the entire set of maps. Returns a pointer to the packed maps.

recordMapset Records the current Mapset. Used by state saving process to pack the set of

maps.

restore.Mapset Restores a recorded mapset.

clear-Mapset Clears the entire set of maps.

free-packedVihapset Frees a packed set of maps.

show.packedMapset Show the contents of a packed set of maps.

D.3.2 Private Methods. The following methods are not available externally to the map.c

file. They are not made available by file map.h.

newainapfrom Creates a new mapfrom structure and initializes its attributes. The mapfrom

structure consists of an integer that is being mapped from and a pointer to a linked list of

items that it is mapped to. It also contains a pointer to the last mapto item in the list that

was accessed. This pointer is necessary to be able to iterate through the list using the method

get-next.mapping.

new-mapto Creates a new mapto structure and initializes its attributes. The mapto structure

consists of an integer that is being mapped to.
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free..mapfrom Frees a map/rom data structure.

freeamapto Frees a mapto data structure.

mapfrom-is.equal Used for calls to the 11. delete, Lt-contini, and lLindexdata methods of file 1l.c

to compare a mapfrom data node against an entered integer.

mapto-is-equal Used for calls to the ILdelete, lLcontain.q, and lLinde.xdata methods of file ll.c to

compare a mapto data node against an entered integer.

D.4 Map Setup and Operation

D.4.1 Map Setup. The first requirement to setting up the Relationship Map is to setup

the defint I Map Types in file map.h.

/************ui******MAP TYPES ***************

"* IMPORTANT: MAX-4AP-TYPE must be >= largest defined NAPTYPE *

"* and all MAP-TYPES MUST BE different. *

#define PLAYERSTYPESTOPREDICTORTYPE 1
#defiue PREDICTORTYPETO-PLAYERTYPE 2
*define PLAYERPTRTOSECTORID 3
*define PLAYERItA0_OWNERSSECTORLID 4
djefine PLAYERIDTOCOPIESSECTOR.ID 5

#define MAXMAPTYPE 5

The five map type listed above are required for the basic operation of the simulation system.

New map types can be added, but notice that the variable MAXMAP.TYPE must be adjusted accord-

ingly. IMPORTANT: The map system is implemented so that space will be allocated and maps

initialized for map IDs in the range 0 to MAXNAPTYPE, so plan your numbering system accordingly.
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D.4.2 Map Initialization. All of the maps are allocated space and initialized through the

method initMapa in file init-map.s.e. This method makes a call to neuiMapA to set up the maps

and then uses the other Map .....ods to load tihe maps with initial values.

D.4.3 The Three Player Object Po.,ition Maps. The three Maps used for maintaining

thc Player objects in the simulation are listed below:

"* PLAYERPTRTO-SECTORID

"* PLAYERJIDTO.OWNERS.SECTORJD

"* PLAYERJD.TO.COPIES.SECTORID

Tihe PLAYERPTRTOSECTORID map is used to maintain the relationship between each

copy of a Player object and the ID of the Sector object that it resides in. This map must be

mnaintained for each copy of a player, using the Player's pointer as the map-from value and the

Sector ID as the mnap to value in the Map method calls.

The PLAYER.ID.TO.OWNERS.SECTORJD map is used to maintain the relationship be-

tween a Player ID and the ID of the Sector that the owner copy of the Player resides in. Only one

copy of this mapping is maintained on each LP that a Player Object has copies on, therefore this

mapping is not deleted when a Player leaves a sector, in case the Player has copies in other Sectors

that are on the same LP. A mote complex implementation would determine if it is safe to delete

the mapping by checking the other sectors on the same LP to see if they contain a Player object

with the same ID. This map can be used to determine if a copy of a Player object is the owner

copy by comparing this mapping against the PLAYER-PTRTO.SECTORtD map to see if they

are equal.

The PLAYERJID-TO-COPIES.SECTORID map is used to maintain the relationship be-

tween the owner copy of a Player object and its other copies. This is done by mapping the Player

ID of the Player to the Sector ID of the Sectors that contain copies of the Player. This mnap is
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maintained only on the LP that contains the owner copy of the Player. This map must be trans-

ferred between LPs with the ownership of the Player. This map is primarily used to up)date Player

copies when the owner copy changes.
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Appendix E. Scenario Input File Format

E. I Introduction.

This section describes the format and attributes for a scenario input file.

To allow for the simulation of multiple types of objects, the structure of the scenario file

needed to be changed. The oid scenario file provided the capability to read in a single type of

object. The goal in the design of the new scenario file was to support most of the old design to

enable the reuse of code, and to allow for the addition of other object types.

The new design centers around the use of a single data line used for all types of objects.

followed by further data lines that are dependent on the type of object that is being entered.

The first data line contains data that is common to all types of simulation objects and fills the

attributes of the simulation object superclass. The following lines contain data that are relevant

to the subclass defining the object. The function of reading in a player from the scenario file has

been moved to the player, which reads in the first line, and then calls tile method that reads in the

subclass data.

E.2 Scenario Input File Format.

The format for scenario files with the '.in5' extension is shown below. Attributes which

existed in the previous version of BATTLESIM and have not changed format are merely listed

- additional information on their purpose can be obtained from Soderholm's thesis(30:3-5). New

attributes added 'o support spatial partitioning, as well as old attributes with a new format, are

explained in detail.

E.2.1 The Header Section.
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"* Version Number - A charascter attribute indicating what version this tile' is. If the hile

version does not uiiatch I hat expected by BATTLESIM, then an err-or niu('sag.' is rutuorned to

the user and the run termninates.

"* Terrain Data Filename - A character attribute that indicates the namre of the tcrri"-ji data

file to be usedl for this simiulation runt. This file containis terrain elevation data which curre'ntly

is unmused by BATTLESIM. However, this was added to support inodeling of terrainl at a lateCr

timei.

"* Terrain Min Coordinates (x,y,s) -Three double attributes which providle the nmuinuinu

x, y. and z axis coordinates of the battlefield. Standardized terrain data files use ininiannin

values of zero.

"* Terrain Max Coordinates (x,y,z) - Three double attributes which provide the inaximumiii

x, y. and z axis coordinates of the battlefield. Standardized terrain data files use ,iiaxiuniiiii

vali of 11T,000 for the x-axis and 118,000 for the y-axis. A inaximnunin of 1000 is used for

benchmnark scenario files in the z-axis.

"* Number of Sectors - Aim integer value indicating the numnber of sectors to be usedh in the

scenario. The value miust be greater than 0 and less thiani 65 to be valid.

"* Sector min/max Coordinates - Double values which contain eacti sector's jininmunini x/y/z

coordiniates and niaxiinnuni x/y/z coordinates, in that order. Each line contains six entries

conitaining the boundary inforniation for a particular sector, with the Iiies appearing in order

fromn the first to the last sector. Therefore there are exactly as mnany lines in this section as

there are numbiier of sectors.

"* Number of Icon Definitions - An iuterqer value Specifying how umanuy icon definitions exist.

This value is always five now, sjince five different types objects can be created in the scenario.

This inforniation, while it previously existetd, was hard-coded into BATTLESIM.
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* Icon Definitions - Two attributes, an integer and a character, which together uniquely

describe an icon definition needed to support creation of the display driver datafile using thL

format previously defined by DeRouchey (7). The five definitions used by current version of

BATTLESIM include:

- Type 1- f18

- Type 2 - migl

- Type 3 - missile

- Type 4- tank

- Type 5 - truck

E.2.2 The Player Class Section. This information, while it previously existed, was hard-

coded into BATTLESIM.

* Player Class Attributes - Fourteen attributes, all residing on the same line in the scenario

file, which provide information about a particular player in the scenario, no matter what its

Object Type. The attributes, in order, are:

1. Object Type

2. Object Identifier

3. Current Time

4. Location (x-component)

5. Location (y-component)

6. Location (z-component)

7. Velocity (x-component)

8. Velocity (y-component)

97



9. Velocity (z-component)

10. Orientation (yaw rate)

11. Orientation (pitch rate)

12. Orientation (rolh Late)

13. Object Size

14. Object Mass

E.2.3 The Player Subclass Section. The Player Class Section is defined differently for

each type of object being simulated. The simulation modeler is responsible for designing the Player

Subclass Section of the scenario file and providing the code to properly read the data and then

return control to the player class to be able to read in the next line of data. The Player Subclass

Section begins on the line following the Player Class Section and goes as long as is necessary to

read in a subclass.

The format for the Battlesim Player Subclass Section is provided below:

* Battlesim Player Su4 ,class Attributes - Ten attributes, all residing on rhe same line in

the scenario file, which provide information about a particular Battlesim player's subclass

data in the scenario, to supplement the data in the Player Class Section. The attributes, in

order, are:

1. Object Loyalty

2. Fuel Status

3. Condition

4. Vulnerability

5. Operator (experience)

6. Operator (threat knowledge)
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7. Performance Characteristics (minimum turn radius)

8. Performance Characteristics (max speed)

9. Performance Characteristics (average fuel consumption rate)

10. Performance Characteristics (max climb rate)

"* Number of Route Points - An integer value specifying how many route points there are

in the player's route-data linked list.

"* Route Points - Three double values indicating the x,y, and z coordinate of one of the player's

route points. The points are listed in the order the player goes to each of them. Each line in

the file contains exactly one route point, so there are as many lines as there are route points.

NOTE: All players that use routes are given their first route point as a starting location,

regardless of the information used in the Location attributes in the Player Class section..

"* Number of Sensors - An integer value specifying how many sensors there are in the pldyer's

sensors linked list.

"* Sensors - Three integer attributes indicating the type, range, and resolution of one of the

player's sensors, respectively. Each line in the scenario file contains one sensor, so there are

as many lines as there are sensors.

"* Number of Armaments - An integer value specifying how many armaments there are in

the player's armaments linked list.

"* Armaments - Six integer attributes indicating the type, range, yield, accuracy, speed, and

count of one of the player's armaments, in that order. Each line in the scenario file contains

one armament, so there are as many lines as there are armaments.

"* Number of Targets. An integer value specifying how many targets (by type or location)

are in the player's targets linked list.
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* Targets - One integer indicating the type, and three double values indicating tile x, y, and z

coordinate of one of the player's targets, in that order. Each line in the scenario file contains

one target, so there are as many lines as there are targets.

* Number of Defensive Systems - An integer value specifying how many defensive systems

are in the player's def ensive.-ystems linked list.

* Defensive Systems - Three integer values indicating the type, range, and effectiveness of

one of the player's defensive systems, respectively. Each line in the scenario file contains one

defensive system, so there are as many lines as there are defensive systems.

NOTE: Since every Battlesim Subclass player in a scenario must have at least one route point

it is starting at as well as trying to reach, no player will have an empty route list at initialization.

However, any of the other four player linked lists may be empty. In that case, the linked list in

question would have no lines in the scenario file to describe it other than the number attribute.

E.3 Example Battlesim Scenario File

E.4 Benchmark Scenario 13.

This scenario was designed to run with 8 LPs, so 8 scenario files are required to support it.

However, sinco, the scenario files for LPs I through 7 are identical, only one of them is shown. The

required MAP aile is next, followed by a diagram depicting the movements of all the players during

the entire course of the scenario. This scenario was designed to ensure that a player could correctly

cross sector boundaries in the +x, -x, +y, and -y directions in the same scenario using all three

boundary-crossing events. The plane flies a zig-zag pattern to accomplish this.

E.4.1 Scenario Files.

"* FILE: bench130.in5
" AUTSOR: Capt Seth Guanu

"* DATE: 17 Nov 93
"* DESCRIPTION: This file containz I plnne description. Designed to make
* sure that aircraft are properly replicated when passing iron
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* one sector to another on DIFFERENT LP's. This file is
* intended for LP 0. In this particular scenario one aircraft is
* started on sector 1 and flies through all sectors. Each LP-
• has exactly one sector assigned to it (soe battlesim13.ma).
S This betnchmark was specifically designed to check for proper

a scenario execution when playere cross sectoz boundaries in
- the +x, -x. 4y, and -y directions. The plane flies * zig-zag
• pattern in the x-axis first through all sectors, and then it
* flies a zig-zag pattern in the y-axis direction through all
* sectors.

eeeeeeeeeeeeeseeoeoooosoeoeoeooemmsooosee ooeeeeeeeosseo eeeseesoeeeeoeooeooees ---
* version number

V5.0
a terrain data filenaem
terrain. 10
a terrain min coordinates (U. y. z)
0.1 0.1 0.1
* terrain max coordinates (x, y, z)
117000.0 118000.0 1000.0
* number of sectors (must be < 64)
8

* sector min/max boundaries (U.y.z values in order from let to last sectors)
0.1 59000. 0.1 29260. 118000. 1000.
29260. 59000. 0.1 58500. 118000. 1000.
68500. 59000. 0.1 R7760. 118000. 1000.
87750. 59000. 0.1 117000. 118000. 1000.
0.1 0.1 0.1 29250. 59000. 1000.
29260. 0.1 0.1 68600. 69000. 1000.
68600. 0.1 0.1 87750. 59000. 1000.
87760. 0.1 0.1 117000, 59000. 1000.
a number of icon records
6

1 fie
2 migl
3 missile
4 tank
5 truck
0 Player Object

1 1 0 0 0 0 1000 0 0 0 0 0 1 2000
1111111111
* number of route points

13
* route coordinates x,y.z (start to finish order)
8775. 110133.33 500.
108226. 110133.33 600.
108225. 7866.67 500.
8776. 7866.67 600.
8776. 102266.67 600.
20476. 102268.67 600.
20476. 19666.07 600.
43876. 19666.67 500.
43876. 102266.67 500.
73126. 102266.67 500.
73126. 19666.67 600.
96526. 19666.67 500.
96826. 102266.67 600.
n number of sensors

1

1 5860 1
* nuLber of armaments
0
• armament descriptions (if above , 0)
* number of targets
3
• target doscriptions (if above > 0)
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*°s-:... _ -.- ,,. - b . -I . ' , ... 4 M.• •- . L.I' • : .l j-R~g ;l • •, .p , ., .

4000
5000

* number of defensuve systems
0
"* defensive system descriptions (if above > 0)
"• END OF OBJECT
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"* FILE: bench131.1n6
"* AUTHOR: Capt Seth Guanu
"* DATE: 17 Nov 93
"* DESCRIPTION: This file contains 0 plans descriptions. Designed to make
* sure that aircraft are properly replicated when passing from
* one sector to another on DIFFERENT LP's. This file is
* intended for LP 1. In this particular scenario one aircraft is
e started on sector I and flies through ll sectors. Each LP
e has exactly one sector assigned to it (see ba,tlesialS.ma).
* This benchmark was specifically designed to check for proper
* scenario execution when players cross sector boundaries in
* the *x, -x, *y. and -y directions. The plane flies a zig-zag
• pattern in the x-axis first through all sectors, and then it
* flies a aig-zag pattern in the y-axis direction through all
* sectors.

* version number
V6.0

* terrain data filoname
tortain.10
* terrain min coordinates (x. y. a)
0.1 0.1 0.1
* terrain sax coordinates (x. y, a)
117000.0 118000.0 1000.0
• number of sectors (must be C 64)
a

* sector min/max boundaries (x,y.: values in order from let to last sectors)
0.1 59000. 0.1 29250. 118000. 1000.
29250. 89000. 0.1 ,8600.. 118000. 1000.

88500. 59000. 0.1 07760. 118000. 1000.
87780. 89000. 0.1 117000. 118000. 1000.
C.1 0.1 0.1 29250. 59000. 1000.
p9250. 0.1 0.1 58500. 59000. 1000.
IS5nO. 0.1 0.1 87780. 59000. 1000.
87750. 0.1 0.1 117000. 59000. 1000.
e number of icon records
6
I fie
2 migI
3 missile
4 tank
6 truck
* END OF OBJECT
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E£4.2 Map File.

"S FILE: battlesimI3.map
"* AUTHOR: Capt Seth Ousnu
"* DATE: 17 Nov 93
"* DESCRIPTION: This file contains the battlesim sectvr-to-LP description
"* for benchmark scenario 13. The BTTLESIN application must
"* be executed with 8 LPu to use this particular map file.
* Each line describes a single mapping from a single sector ID
* to a single LP id, in that order. There should be exactly
* as many lines as there are sectors from the scenario file(s)
* being used for a given simulation run.

......es....se...eeeoee..s.....s..mee....s.s.e.eoe.e.eeoe..eeeee....ee.e..e...
* Napping sector i to LP 0
1 0
* Happing sector 2 to LP 1
21
* mapping sector 3 to LP 2
32
* Mapping sector 4 to LP 3
43
* Mapping sector 5 to LP 4
54
M Napping sector 6 to LP S

66
* Mapping sector 7 to LP 6
76

M Napping sector B to LP, 7
87
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E.4.3.S Scenario Diagram. This diagram depicts the movement of all eight players in

benchmark 13 throughout the course of the scenario.

Jim NODE I NODE 2 NODE 3 NODE 4
a------ ~-------------------~* 0.. .---------- ý-~ -. 0----------90 ........

o0.. C--O -- - -.--- - -O -O----- - - - - - 0.

0 0 I 0 8

Figur 16.BnhakSea 13
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Appendix F. BATTLESIM Configuration Guide

F.1 Sofluiare Files.

The software files supporting the current version of BATTLESIM, listed in alphabetical order

for quick reference, include the following:

"* app-stru.h

"* application.h.

"* battlexc and battle.h

"* bF-player. c and bs-player.h

"* cube2.c and cube2.h

"* dll~c

"* ex..event.c: and ex-event.h

"* filters.c

"* globals.h

"* icon.c

"* init..niaps.c

"* interfaceB.c and interfaceB.h

"* ll.c and 1l.1

"* lpmanxc

"* rap.c and niap.h

"* methods.c

"* myfilterm~

"* object-.rgr.c and object-imgr.h

"* playerxc and player.h

"* playerset.c and playerset.h

"* predict.c and predict.h

"* procL~arcs

"* protocol.c

"* routexc and route.li

"* rt-pt.c and rt-pt.h

"* sector.c and sector.h

"* sim-func.c and sim-func.h

"* sim..read.c and sizn-read.h

* sim-8~truii~

e tchrnap.c
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"* terrainx

"* usesvisit.c

"* scenario files

"* schedule.c and schedule.h

"* map files

"• Makefile

The functional description of each of these software files is provided in the next section.

F.2 Functional Description.

appUcation.h - This file contains conditional compilation 'defines' which pass on information

to BATTLESIM. Fields of interest include:

"* NUM-PROCS - ,he number of LPs, not nodes, which a run will use. This value must match

the number of LPs specified to the 'host' program when executing a scenario, or else the run

will abnormally teiminate.

"* INPUT-ARCS - the file specifying the SPECTRUM communication arcs between BAT-

TLESIM LPs. A file must be specified, even though it is not actively'used, because SPEC-

TRUM requires it.

"* MAXTIME - specifies a run's maximum allowable execution time in seconds.

app-stru.h - Contains structure definitions common to the use of the Battlesim subclass.

battle.c - Battle. c, formerly known as rizsim. c. It contains the functions necessary for

the simulation driver to interface with the application. The following function are performed in

this file:

"* simulation initialization

"* scheduling initial player events

"* starting and stopping the user's screen output
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battle.h - Header file for battlec.

bs-player.c and bs.player.h - The files containing the obje(:t-based definition of a BAT-

TLESIM player subclass. All the methods necessary to retrieve, modify. and delete all the fields in

a Battlesini player subclass without knowledge of the player's underlying structure are kept here.

cube2.c - This file contains all the Intel Hypercube specific functions necessary to support

BATTLESIM. It is the lowest level of communications between LPs in the 'layered approach'

implemented by BATTLESIM. Soderhoini's message-passing protocol -- comprised of the func-

tions nodc-send-one-nessage and node-get.oneznessage -- is kept in here. His approach bypassed

SPECTRUM to make direct calls to the Hypercube.

cube2.h - This file defines Intel message types, and contains a table definition which maps

the LP identifiers to the Hypercibe node and process numbers. This tells each niode process how

to send a message to any other LP.

dll.e - This pockage is very similar to Capt Riwz~a's linked list package, except this package

was designed by Capt Soderholm to support doubly linked lists, i.e. linked lists with both head

and tail pointers so it can be traversed in either direction.

ex.event.c - Contains the execuie-ctent method for each of the simulation events and the

execute-event function that determines which of them are used base on the type of the event passed

in..

ex.event.h - Contains the numeric identifiers for Event Object types.

fllters.c - another SPECTRUM file supposedly describing the various time synchironiration

protocols used by BATTLESIM. There currently are none. The only SPECTRUM file that appears

to reference this file is the Makefile itself, but it is kept because the 'user interface' utility builds

this file for any provided filter set (12). The actual filter filc for BATTLESIM is myfilters . c.
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globals.h - SPECTRUM supports only one type of message for transferring informiation from

one LP to another. This event-type structure definition is stored within this file, and contains at

least the following fields:

1. a message tinke-taamp

2. the event type

3. line number over which it is sent

4. identifiers of the source and destination LPs (12)

While additional state information fields specific to a given application can be added as long as no

existing fields are changed or deleted, BATTLESIM currently adds no fields of its own. However,

since this definition is used throughout SPECTRUM. all SPECTRUM software files should be

recompiled if this file is modified in any manner.

icon.c - An object-based icon management package developed by Mr. Rick Norris. It utilizes

a linked list to hold all the icons used to represent players in Battlesim, tracking both their number

and name.

inlt.maps.c - Contains the method iniLMaps that initializes the maps in the Object Rela-

tionship Map object in map.c.

interfaceB.c - The BATTLESIM version of the SPECTRUM file interface 1. c. This file

acts as the "link" between the BATTLESIM application and the lower-level SPECTRUM and

Hypercube-specific functions, by containing all calls to the encapsulated lower-level structures

(12:12).

interfaceB.h - Contains the function protocols for methods that are available in irnterfareB.c.

U.c and Ul.h - A linked list package designed to support LIFO, FIFO, and priority queues

containing any kind of data structure desired. This package is used extensively to build and

maintain several BATTLESIM structures, including the six linked lists contained within the 'player'
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definition and the buckets in the playerset's hash table. The file 11.h contains tihe declarations for

the functions in 11 ..

lpnman.c - Contains the code implementing the SPECTRUM logical process manager, which

is both application and machine independent. The LP nrmnager intintaius the input queue of

messages from other LPs in simulation time-stamp order. 13ATTLESIM only uses the initialization

functions.

map.c and map.h - Contain the object-based definition of the Relationship Map object.

xnethods.c - Contains the polymorphic methods used to access player subclasses. It provides

control over which exact method is called based on the type of the Player Object.

nyfllters.c - the SPECTRUM file which actually holds any 'filters' used. There are currently

no filters used by BATTLESIM.

object-mgr.c and object.zngr.h - Contain the methods required to manage the updating

of player object copies on remote LNs.

player.c and piayer.h. The files containing the object-based definitiorn of a Player Object.

All the methods necessary to retrieve, modify, and delete all the fields in a Player Object without

knowledge of the player's underlying structure are kept here.

predict.c and predict.h - Contaimn the object-based definition of the Event Predictor Object.

procl.arcs - LPs in SPECTRUM communicate via unidirectional lines known as arcs. This

file tells SPECTRUM which LPs conmunicate with each other, i.e. it describes BATTLESIM's

connmunications 'network'. Even though this file contains no entries which are actively used, SPEC-

TRUM still requires it to exist.

playerset.c and playerset.h - The files which contain the object-based definition of a BAT-

TLESIM playerset, presently impleniented as au open hash table with buckets composed of linked

lists. All the methods necessary to retrieve, modify, and delete the playerset without knowledge
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of the playerset's underlying structure are stored here. The user should refer to Appendix B for a

complete listing and description of these methods.

protocol.c - This file implements the conservative time synchronization algorithm used by

BATTLESIM. The components previously used to support the optimistic time synchronization

protocol have been removed.

route.c and route.h - Contain the object-based definition of a route.

rt-pt.c and rt-pt.h - Contain the object-based definition of a route point.

schedule.c and schedule.h - Contain the object-based definition of the Event Scheduler.

sector.c and sector.h - The two files which hold the object-based definition of a BAT-

TLESIM sector. The sector 'conoiner" object, a 64-entry entry, is also here. All the methods used

to retrieve, modify, and delete the fields in the sector via th. "' L ,r arra." without knowledge of

the underlying structures are kept here. The user can see a complete listing of all sector methods,

along with their associated descriptions, in Appendix B.

simlfunc.c and simlfunc.h - One of two main BATTLESIM application files. It contains

application-specific functions which are independent of tbe Rypercube and: PECTRUM.

sim-read.c and sim-read.h - These files contain the functions which read the data from an

LPs scenario file, and store it in the appropriate location. For route points, it reverses those read

so they are stored in reverse order as required.

sim-stru.h - This file contains the structural definition of a BATTLESIM player.

tchmap.c - A TCHSIM file which contains an object-based impis mentation of an object-

to-LP map. Each map consists of a set of object instances to logical processes. This is used by

BATTLESIM to track sector-to-LP assignments.

terrain.c - An object-based implementation of a terrain file, used to let BATTLESIM know

certain required battlefield characteristics like minimum and maximum battlefield coordinates.
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usevisit.c - This file acts as an interface to VISIT, the visual graphics driver program

designed by Capt DeRouchey to display graphics output files created by BATTLESIM. Specifically,

it contains functions which generate records in the grap cs file to start VISIT, stop VISIT, and

change the visual status of players.

scenario files - These files, whose names end with a .in5 extension, are used to convey

battlefield and player state information associated with a given battlefield scenario. Each LP must

read a scenario file during initialization. That scenario file may be designed for use by only one

LP, or may in fact be shared by multiple LPs.

map files - Each BATTLESIM scenario requires that a map file, whose name begins with

the .map extension, be provided describing the sector-to-LP assignments. Since this assignment

is static for the duration of the sceuario, so any player entering a sector owrLed by a given LP is

controlled by that LP while in the sector.

Makefile - This file provides an automated means of compiling and linking all the software

fileq necessary to execute BATTLESIM. Th', current Makefile is contained in Appendix E.

F.3 Makeflie

The following Makefile shows the compilation order and dependencies of the Battlesim code

63331336fl33U6##• Makefile for BATTLESIM I181fl633331fl366384
# Make battlesim by Bartrum
* 08/12/93

* 01/31/92 - Now using standard /usr/simulate/spectrum/afiIt/cube2.h
* 04/28/92 - Added sim.read.o
I 05/04/92 - Replaced neql.o/naql.c with neq.sod.o/neq-sod.c
* 05/04/92 - Removed event.c - it was unused.
* 06/24/92 - Added interfacex.c and tchsim/clock.o
# 07/10/92 - Added RATTLEPATh and BATrLEO0JS, changed to new baseline..
* 07/13/92 - Added icon.c & terrain.c to battlesim; changed executable
5 name from "rizsim" to "battlesim"
# 07/14/92 - Changed cube2.h path to spectrum
# 07/16/92 - Added soderstuff.c
# 07/17/92 - Modified path to use baseline host2-c
# Removed rollback.* and soderstuff.e
* Changed rizsim.e to battle.*
# Changed interfacex.* to interfaceS..
* 07/25/92 - Removed events.c
# Added playerset.c
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8 7/30/92 - Bergman repliced all references of interfaceS to interfaceB
9 (interfaceS - interf mcei + spectrum calls)
F 7/30/92 - Bergman removed all references to -DSODfl..PR.OTOCOL

S (to bypass round-robin aircrmft-LP allocation and mog passing)
87/30/92 - Bergman removed protocol. c/protocol .o entirely, and removed

* existing references to protacol.h (none)
8 7/30/92 - NOTE: This architecture shouild be run with MULTIPLE input files
# to ensure each node loads only what it is supposed to have!
9 8/04/92 - Bergman added player.c to file
* 1/11/93 - Berguen/Vezalorn changed myfilterm.c/o to chanclocks.c/o.
# and removed filters.c (this file now incorporated into each
8 individual filter file)
# 7110/93 - Sartrum - Changed chanclocks.c to tchaimclocks.c
* 7/22/93 - Bartrum - Changed to link tcbjmap.o from TCHPATH instead of
* compiling it.
* 8/12/93 - Hartrum - Changed include path for use-.visit to VISITINCL.
5 10/01/93 - Trachsel - added map.c, ex..evont.c, init..maps.c, predict.c,
S schedule.c. removed sensor.c, modified battle, event. sector, sim..func,
I sim-read

SpecOBIS - cube2.oD lp..man.o tchaimclocks.o
TCEOBJS = tchmap.o neqh.o event.o sim..cntrl.o
RizOfliS - dll.o 11.0
BATTLE0BJS - aim-func.o aim..read.o battle.o terrain~o icon.o use..visit.o
player~o playerset.o sector.o map.o ez..event.o init~mapm.o predict.o
scheduleco route.o rt..pt.o methods-* bs..player.o object..mgr.o
SODEAOBJS * interfaceli.o
RizLIB - -lm

AFITPArN - /umr/simulate/spe-triam/afit
LPITINCL - /usr/siuulmte/spmctruu/atit/include
BATTLEPATH - /usr/simullate/battlesin/source
BATTLEINCL - /usr/simolate/battlesin/source/include
DERGPAT1I - /usr2/eng/kbergmas/bat~lsim
FILTERPATI * /nsr/sioulatefspectrum/filters
NEWPATH - /asr/simulate/battlesmi/new
TtIZPATD - /usr/sinulate/rizaim
SODPATB a Iusr/simulate/rizsim/soderholm
TCUPATD - Iusr/simulate/tchsim
TCHIIWC - /usr/simulate/tchmam/include
IJYAPATR a /usr/simulate/spectrum/uve
tJVAOLDPATH - /usr/sinulate/spectrum/uva/old
VISITPATH - /uer/simulate/cmbevisit/source
VISITINCL w /usr/simulate/cubevisit/source/inclnde
VOTPATH - /usr2/eng/utrachse/thesis/arc
NEWDUG - /uur/simulate/battlosim/new/looney
WODXDUG - /nsr2/sng/dlooney/bin
BATOBJS - battoge.o 0 mimatile.o
DEFCOMM - -DDESUO..0N -DNAIN..C0DE
BINPATE - /ur2/eng/dlooney/bin
DUOPATH a Iusr2/eng/dloouey/cube/scurce
DCLPATU - /usr2/eng/dlooney/tchani
VISITINCL - /usr2/eng/dlooney/hostdir/include
VISITPATH a /usr2/szg/dlooney/hostdir
IPSC2LIBS - -lsocket /usr/local/lib/LFlT-comc .a
IPSC2FLAUS n -DIPSC2 -1/usr/inclade -I*(VISITINCL)

all: visithost battlesim

visithost: S(DATOBJS) W(ISITPATU~host3c
cc -o v~sitbost -!*{WGTPATB) -IS(VISITINCL) -IS(AFITINCL) I(DATOEJS)
S{VISITPATH3/hostS. c SU(PSC2LIBS) -host

butt lesim: *(RizDDJS) S{TUNPATI}/sindrive .0 tcbmap.o 4{TCNPATBI/clock.o
S{VORJWUO}/neqA.o S(SpecOBJS) M(ATTLEODJS) ${SODKROZJ5) event .o oim..cntrl.o
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cc -0 battlealm $(ftiu033S) 01TCWA1U)/sindrive. a tckuap.o
*{TCIPATB}/clock. 0 S(WORUDUG)tneqA .o S(SpacOfliS) ui..cutrl.a
$ (RfizLID) $ (BATTLEOUJS) $(SODKMBJS} event .ca -node

sim..lunc .0: ${VOTPkTR)/sim..strn .h ${3A11LEIUCL)/l . h S{WGTPATl}/smifnjc . c
SOlOTPATU}/bettle .h S{VOTPATI}/application .h S{IIGTPATEI/uap.h
S{UGTPATI}/glotelu .h
cc -c -IS{VGTPATR) -I*{EATTLEIUCL) S{UGWA~TO/suinfic .c
siu..read .o: $(UGTPATB}/aim..stru.h ${WGTPATII/player.h ${UATTLZINCL)/route..pt .h
S{DATTLEINCL)Isia..read . S{IIGTPITU}/simý.read .c ${VGTPATRU/application.h

SfWGTPATh}/Slobala .h
cc -c -ISIVOTPATE) -ZS{ATTLZZUCL} -1S{SODPATO} S{WGTPATI}/sla.r~ed. c
battle .o: ${(aTPATl)/iuis..str . h ${VGTPATE)Iblttl. .h ${WGTPATh}/interface . h
$(WOGTPAKI/ex..eventA .h *WGTPATHI/application .h ${WGTPATBI/AF!Tcam .b
*{IdGTPATE}Ibettl . c

cc -c -rI{VGTPATH} -1${DAITMEI3CL} ${VarPiTB}Ibattle-.c
terrain .o: *{flATTLEPATH}/terrain -C
cc -c $(BATTLEPATHOjterrain.c

jcon.o: ${DATTLEPATRI/ica . c
cc -c S{DA1TLEPkTU)/icon-c

sector .o: t{VGTPATUI/{aap hi ${VGOWATU}Ieimxst~ru.h ${EATTLEINCL}/route..pt .h
${WOTPATBu}Isector. h S{VGTPATB)juector. c
cc -c -1${VOTPATH} -I${BATrLZINCL} ${VOTPATt}/uector.c

player .o: S{VGWATI}/sia..atru.b S{VGTPAfl)/methodsu . hO{TPATiU/player .h
*{WGrPiTU}fplayer .c
cc -c -II{VGTPATS} -1$(BATTLEINCLI -I8{SODPATU} ${VGTPATKI/player.c

bs..player .0: *{IMQPATU)/uim..stru .h S{UQTPAT!)/mpp..stru .h ${UGTPATN)/b...player .h
${VGTPATBI/raute. h S{WGTPATB)texovunt .h S{VGrPATu}/plwymr.h
*{VOTWATII/bu..player. c

cc -c -I8{WGPATH) -1*{BATTLEINCL) -I$(SODPATE) $-WIMPArE/ba..player.c

method. .o: MGMPTRI}/player .h S(VGTPATt}fbu..player .h 0{VOTPATt}~.ethod .c
cc -c -IS {VGIPATN) S{WOTPATN}/..thods. c

object...pr.o: ${VGTPATU)/player .h *{IdGTPATN}/interface . h S{WGTPATR}/map .h
MOiTPiTR}/ex-event .h S{IVOTPATI1/object-Wg -c

cc -c -I${UGTPATN} -IM{ATILEINCL} -IM{ODPATRI S-(VGTPATU}/object..mgr. c

route .o; $IWGTPAT3)/route .h ${UGTPATU}/player .h $49ATTLEIUCL}/sim..read .
${WGTPATB}/route. c $fVGTPITI}/rt.pt .h
cc -c -IS{VOIPATU} -I*{DATTLEINCL} ${WGTPkTg)/route.c

rt.pt .o: S{WOTPATE)/rt..pt .h S{WGTWATU)/rt..pt -c

cc -c -IS{IIGrPATS) S{%IGTPATI)Irt-pt -c

1l.o: S{IIUTPAT1I}/ll.h ${UATMRLINCL)/route~pt .h ${WorPATH}/11.c
cc -c -IS{VGTATH) -IS{3ATTLZINCL} -It{SODPATH} SfWGTPATRI/1l -c

map o: $fWGTPATI}/1 . h *{VOTPATE}/map.h ${UGTPATB}/map -c

cc -c -I${VGTPATh} $IVSTPATUI/map.c

init..mapa .o: S-OIOTP*TI}/.x-eventA .h VOTPITU)/prodict .h ${VGTPATII/playe.r-h
${WGTW&Tt}Imp .h S{IJGTPATI}/inlt..uap . c
cc -c 16{VGTATU} 1*I$IATTKINCL} ${WGTPATH}/int..maps -c

ezevent .o: SIVOTPATB}/uim..utru .h M{WTPATU}/player .h S-WGWATI}playerset .h
*(BATTLEIICL)/sector -h S(WGTPATB}Isim..fuac .h M{DTrI.EIIGL/message .

*{WGTPLU}/ez..eyent .h ${VGTWATBI/LPITcom.b S{VGTPATI}/mWp.h
*{WG1PlTN}/*x_*eye)t .c
cc -c -IS{VOTPATZ) -ISiBATTLZINCL} *{VGTPATR}Ien..evemt.c
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predict .o: ${WGTPAT*/pl~yer .h 04VGTPAT?)plae~yrset .A S{ATTLEINCL}/soctor .h
S{IWOTPATE}I/si..func .h S{VOTWATU/iuterfac.3 . $(IiDT1LEINCL}/ra~te-pt .h
*{WGTPATD}I/ez..verat b ${VOWATUI/predict .h M{VTPATR}/Sap .h
S{UGTPATU}/prodict. c
cc -c -IOIVGTPATE} -fl{DATTLEINCL) S{UOTPATul/prodict .c

schodule.o .0 *VOTPATB)/player .b ${VOTPATHI/battls. h U{MGATN}/m&p. h
${UGTPATEI/interfa~ceU .h S{GATI}/scheduI. .c

cc -c -IS{VGTPATN) -IS{DATTLEZNCL) M{WTPAIU}/schdule.c

cube2 .0: S{AFITPATB)/cube2 .c S(OTPAIU}/application.h S{VTPITH}/globalm .h
${AFITINCL}Icubs2 . h

cc -c -Ig{UGTFATE) -IS{SATTLEINCL} -It{AFITINCL) S{AFMTATl)/cab.2. c

event .o: *{WGTPAR)/event .h ${WGTPATN}Iovent c
cc -c -Il{WGTPATH) *IVQIPATHI}event .c

battage.o:
cc *(IPSC27LAGS) -c -rS{UGTPATE} S(VISIWTPUT)/battoge-c *(IPSC2LIBS)

uu...visit .o: S{DATTLEINCOL/sla..truAh S{3AT11.EINCLI/battlo.h
*{DUGPATD}/um...vinit. c
cc * (IPSC2?'LACS) -c -IS{(dGTPATH} -ISIDATTLEIICL) -I${VISITIECL}
S{DUGPAID}/uso-.visit. c

lp-.~.o1.: *{DCLPATH)/lp-mian. c $(VC1PATN}/applicatio .h S{VGTPATI}/globa1,,%.h
c%; -c -IS{VGTPATU} -1${aA1TrLINCLI M{CLPITUI/lp..man.c

tcbuimclocku .0! ${DUOPATU}/tchsimclocks .c S{DATTLEINCL)/appli cation .h
S(DATTLEINCLI/globalu .h
cc -c -IS{WGTPATH} -IS{ATTLIMNCL} S{DUGPATI}/tchninclecks.c

playerset .o: S{DATTLUNCL)Irout...pt .h M{ATTLEINCL/usa..struAh
${WGTPATh}/playerest.h S{VGTPATB}/playez met. c
cc -c -ISO{VGTPATH} -IM{ATTLEIMCL) -IS{SODPATI}) li{VPATU}/playerset .

0 SODZAODJS -
* 1 modifi1e4 these TCRSIM OBJECTS -

fleqA .o: S{DCLPATI)/n~qA. c
cc -c S(DCLPATh}In~qA.c

tchmap .0: ${DCLPATI)/tchuap. c
cc -c S(DCLPATN}/tcba W c

aim..cntrl .o: S{DATILEINCL)/l. h S{IBIPATI}/11 .o ${SODEI.ODJS}
${DUOPATE}/smiu..ntrl .c

cc -c -Z,{VGTP&TI} -X*{ATI1.EINCL} -IS{YISXTINCLI *{DUGPATHI}/sia..ntrl.c

* SODZROBJS -

intertaceD .o; SITCUINCLI/t chain. h S{UGTPATU}/applcation .h S(W6TPATU}/globalu .h
${WOTPATR}/eveat .h ${UATTLEINCLI/vtessags.bhS{VGTPATI}/plaeyr.h
${UGTPATR}I/ex-evnt .h S{VGTPATU}/interfac. . c
cc -c -IIIVGTPAHI} -IS{TCRINIc -IM{ATTLBINCL)
-I/uvr/fac/hAxt-rum/tchsim/ver2 ${VGTPATB/ilut~rfac. . c

411.o: $ISODPATN)fd11 .c
cc -c -II{SODPATH) M{ODPATMIlt/1. c
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